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Abstract
Measurements of various features of the uxes of atmospheric and solar neutri-
nos have provided evidence for neutrino oscillations and therefore for neutrino
masses and mixing. This evidence has now been conrmed with terrestrial
beams from reactors and accelerators. In these lectures I will rst describe
the phenomenology of neutrino masses and mixing leading to oscillations in
vacuum and in matter. I will then present the existing evidence from solar and
atmospheric neutrinos as well as the results from laboratory searches, includ-
ing the nal status of the LSND experiment. I will describe the theoretical
inputs that are used to interpret the experimental results in terms of neutrino
oscillations and derive the allowed ranges for the mass and mixing parameters.
I will also present the prospects and challenges of studying neutrino physics in
approved and proposed future facilities. Finally I will briey discuss the theo-
retical implications of these results: the existence of new physics, the estimate
of the scale of this new physics, etc.
1 Neutrino properties
1.1 Introduction
In 1930 Wolfgang Pauli postulated the existence of a new particle in order to reconcile the observed
continuous spectrum of nuclear beta decay with energy conservation. The postulated particle had no
electric charge and, in fact, Pauli himself pointed out that in order to do the job it had to weigh less than
one per cent of the proton mass, thus establishing the rst limit on the neutrino mass. It was Fermi, who,
in 1934 [1], gave his name to the neutrino and rst proposed the four-fermion theory of beta decay. The
neutrino was rst observed by Cowans and Reines [2] in 1956 in a reactor experiment.
Neutrinos are copiously produced in natural sources: in the burning of stars, in the interaction of
cosmic rays, even as relics of the Big Bang. Since the 1960s, neutrinos produced in the Sun and in the
atmosphere have been observed. In 1987, neutrinos from a supernova in the Large Magellanic Cloud
were also detected. These observations play an important role in understanding the detailed features of
neutrinos.
The properties of the neutrino and in particular the question of its mass have intrigued physicists’
minds ever since it was proposed. In the laboratory, neutrino masses have been kinematically searched
for without any positive result. Experiments achieved higher and higher precision, reaching upper limits
for the electron-neutrino mass of 10−9 of the proton mass, rather than the 10−2 originally obtained by
Pauli. This raised the question of whether neutrinos are truly massless like photons.
It is clear that the answer to this question is limited by our capability of detecting the effect of a
non-zero neutrino mass. This is a very difcult task in direct kinematic measurements. In 1957, however,
Bruno Pontecorvo [3] realized that the existence of neutrino masses may not reveal itself only in kine-
matic effects, but also in neutrino oscillations. Flavour oscillations of neutrinos have been searched for
using either neutrino beams from reactors or accelerators, or natural neutrinos generated at astrophysical
sources (the Sun giving the largest ux) or in the atmosphere. The longer the distance that the neutrinos
travel from their production point to the detector, the smaller the masses that can be signalled by their
oscillation. Indeed, solar neutrinos allow us to search for masses that are as small as 10−5 eV, that is
10−14 of the proton mass!
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In fact, in recent years, experiments studying natural neutrino uxes have provided us with the
strongest evidence of neutrino masses and mixing. Experiments that measure the ux of atmospheric
neutrinos have found results that suggest the disappearance of muon-neutrinos when propagating over
distances of order hundreds (or more) kilometres. Experiments that measure the ux of solar neutrinos
found results that suggest the disappearance of electron-neutrinos while propagating within the Sun or
between the Sun and the Earth. The disappearance of both atmospheric νµ and solar νe is most easily
explained in terms of neutrino oscillations. These results have been recently conrmed in experiments
using laboratory beams from nuclear reactors and accelerators detected at distances of the order of hun-
dred kilometres. As concerns experiments performed with laboratory beams at short distances, most
have given no evidence of oscillations. One exception is the LSND experiment, which has observed the
appearance of electron-antineutrinos in a muonantineutrino beam.
In this section I discuss some generic properties of neutrinos related to the question of their mass
and describe the low-energy formalism for adding neutrino masses to the Standard Model and the induced
leptonic mixing. In Section 2 I describe the phenomenology associated with neutrino oscillations in
vacuum and in matter. Section 3 is devoted to the experimental evidence of neutrino oscillations and
the derived values of neutrino masses and mixing when the bulk of data is consistently analysed in
the framework of mixing between the three active neutrinos. Finally, Section 4 is devoted to the main
challenges of future experiments in determining the missing pieces and some lessons which we can learn
from all these results.
In preparing these lectures I have beneted from the many excellent books and reviews on the
subject which exist in the literature; in particular, those by Bahcall [4], Bilenky, Giunti and Grimus [5],
Boehm and Vogel [6], Gaisser [7], Kayser, Gibrat-Debu and Perrier [8], Kim and Pevsner [9], Mohapatra
and Pal [10], Dolgov [11] and Barger, Marfatia and Whisnant [12]. In writing these notes I have used
material from our recent review article [13], to which I refer the reader for details and references.
1.2 Standard Model of massless neutrinos
The Standard Model (SM) is based on the gauge group
GSM = SU(3)C × SU(2)L × U(1)Y , (1)
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where the numbers in parentheses represent the corresponding charges under group (1).
The model contains a single Higgs boson doublet, φ(1, 2, 1/2), whose vacuum expectation value







=⇒ GSM → SU(3)C × U(1)EM . (3)
Neutrinos are fermions that have neither strong nor electromagnetic interactions, i.e., they are
singlets of SU(3)C × U(1)EM. Active neutrinos have weak interactions, that is, they are not singlets of
SU(2)L. They reside in the lepton doublets LL. Sterile neutrinos are dened as having no SM gauge
interactions, i.e., they are singlets of the SM gauge group.
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Eqs. (5) and (6) give all the neutrino interactions within the SM. In particular, Eq. (6) determines the
decay width of the Z0 boson into neutrinos, which is proportional to the number of light left-handed
neutrinos. At present the measurement of the invisible Z width yields Nν = 3.00 ± 0.06, making the
existence of three, and only three, light (that is, mν ≤ mZ/2) active neutrinos an experimental fact.
An important feature of the SM, which is relevant to the question of the neutrino mass, is the fact
that the SM with the gauge symmetry of Eq. (1) and the particle content of Eq. (2) presents an accidental
global symmetry:
GglobalSM = U(1)B × U(1)e × U(1)µ × U(1)τ . (7)
U(1)B is the baryon number symmetry, and U(1)e,µ,τ are the three lepton avour symmetries, with total
lepton number given by L = Le + Lµ + Lτ . It is an accidental symmetry because we do not impose it.
It is a consequence of the gauge symmetry and the representations of the physical states.
In the SM, fermion masses arise from the Yukawa interactions which couple a right-handed
fermion with its left-handed doublet and the Higgs eld,
−LYukawa = Y dijQLiφDRj + Y uijQLiφ˜URj + Y `ijLLiφERj + h.c. , (8)
(where φ˜ = iτ2φ?) after spontaneous symmetry breaking. However, since no right-handed neutrinos
exist in the model, the Yukawa interactions of Eq. (8) leave the neutrinos massless.
One may wonder if neutrino masses could arise from loop corrections or even by nonperturbative
effects. However, this cannot happen because any neutrino mass term that can be constructed with the
SM elds would violate the total lepton symmetry, which as mentioned above is a global symmetry of
the model and therefore is not allowed. I will return to this point in the last lecture.
It follows that the SM predicts that neutrinos are precisely massless. In order to add a mass to the
neutrino, the SM has to be extended.
1.3 Introducing massive neutrinos
As discussed above with the fermionic content and gauge symmetry of the SM, one cannot construct a
renormalizable mass term for the neutrinos. So in order to introduce a neutrino mass one must either
extend the particle contents of the model or abandon gauge invariance and/or renormalizability. I will
return to this point in the last lecture.
Here I will assume that we want to keep the gauge symmetry and the renormalizability condition.
We will explore the possibilities that we have to introduce a neutrino mass term if one adds to the SM an
arbitrary number m of sterile neutrinos νsi(1, 1, 0).
As we are going to see, related to the way we introduce the neutrino mass, one can ask whether
a neutrino, because it is the only neutral fermion, is a different particle from the antineutrino or whether
they are both the same state.
If the neutrino and the antineutrino are different particles, we say that the neutrino is a Dirac-type
particle, similar to any of the other charged fermions in the theory. The neutrino and antineutrino are




neutrino and antineutrino are the same particle we say that the neutrino is a Majorana-type particle. This
implies that there is only one eld which describes both states and involves only one set of creation
annihilation operators. Mathematically this implies that it must be veried that
ν(x) = νc(x) . (9)
Here νc indicates a charge-conjugated eld, νc = CνT , where C is the charge-conjugation matrix.
With the particle contents of the SM and the addition of an arbitrary number m of sterile neutrinos,
one can construct two types of mass term that arise from renormalizable terms:





siνsj + h.c. . (10)
MD is a complex 3 ×m matrix and MN is a symmetric matrix (as follows from simple Dirac algebra)
of dimension m×m.
The rst term is a Dirac mass term. It is generated after spontaneous electroweak symmetry
breaking from the Yukawa interactions Y νijLLiφ˜νsj , similarly to the charged fermion masses discussed
in Section 1.2. It conserves total lepton number (though it breaks the lepton avour number symmetries).
The second term in Eq. (10) is a Majorana mass term. It is different from the Dirac mass terms in
many important aspects. It is a singlet of the SM gauge group; therefore, it can appear as a bare mass
term. Furthermore, since it involves two neutrino elds, it breaks lepton number conservation by two
units. More generally, such a term is allowed only if the neutrinos carry no additive conserved charge.
This is the reason that such terms are not allowed for any charged fermions which, by denition, carry
U(1)EM charges.


















is a (3 + m)-dimensional vector. The matrix Mν is complex and symmetric. It can be
diagonalized by a unitary matrix of dimension (3 +m). The resulting 3 +m mass eigenstates, νk, obey
the Majorana Eq. (9).
There are three interesting cases, differing in the hierarchy of scales between MN and MD:
(1) The scale of the mass eigenvalues of MN is much higher than the scale of electroweak sym-
metry breaking 〈φ〉. In this case the diagonalization of Mν leads to three light mass eigenstates with a
mass matrix of the form
mν,light 'MDM−1N MTD (13)
and m heavy states of mass Mheavy ' MN . So, the heavier the heavy states are, the lighter are the light
ones. Also, the heavier states are mostly right-handed, while the light ones are mostly left-handed. This
is the see-saw mechanism [14]. Both the light and the heavy states are of the Majorana type.
(2) The scale of some eigenvalues of MN is not higher than the electroweak scale. Now the SM
is not even a good low-energy effective theory: there are more than three light neutrinos, and they are
mixtures of doublet and singlet elds. Again, both light and heavy elds are all of the Majorana type.
(3) MN = 0. This is equivalent to imposing lepton number symmetry on this model. Again, the
SM is not even a good low-energy theory: both the fermionic content and the assumed symmetries are




the Higgs mechanism in the same way that charged fermion masses are generated. If indeed it is the only
neutrino mass term present and m = 3, we can identify the three sterile neutrinos with the right-handed
component of a four-component spinor neutrino eld (actually with its charge conjugate). In this way,
the six massive Majorana neutrinos combine to form three massive neutrino Dirac states, equivalently to
the charged fermions. In this particular case, the 6× 6 diagonalizing matrix is block diagonal and it can
be written in terms of a 3× 3 unitary matrix.
As we will see the analysis of neutrino oscillations is the same whether the light neutrinos are of
the Majorana or Dirac type. Only in the discussion of neutrinoless double beta decay is the question of
Majorana versus Dirac neutrinos crucial.
1.4 Lepton mixing
The possibility of arbitrary mixing between two massive neutrino states was rst introduced in Ref. [15].
In the general case, we denote the neutrino mass eigenstates by (ν1, ν2, ν3, . . . , νn), where n = 3 +m,
and the charged lepton mass eigenstates by (e, µ, τ). The corresponding interaction eigenstates are de-
noted by (eI , µI , τ I) and ~ν = (νLe, νLµ, νLτ , νs1, . . . , νsm). In the mass basis, leptonic charged-current














µ − h.c. . (14)
Here U is a 3× n matrix.
Given the charged lepton mass matrix M` and the neutrino mass matrix Mν in some interaction
basis,





~νcMν~ν + h.c. , (15)






` = diag(m2e,m2µ,m2τ ), V ν†M †νMνV ν = diag(m21,m22,m23, . . . ,m2n). (16)
Here V ` is a unitary 3× 3 matrix and V ν is a unitary n× n matrix. The 3× n mixing matrix U can be
found from these diagonalizing matrices:




V νkj (Pν,jj) . (17)
P` is a diagonal 3× 3 phase matrix, that is conventionally used to reduce by three the number of phases
in U . Pν is a diagonal matrix with additional arbitrary phases (chosen to reduce the number of phases in
U ) only for Dirac states. For Majorana neutrinos, this matrix is simply a unit matrix. This is because if
one rotates a Majorana neutrino by a phase, this phase will appear in its mass term, which will no longer
be real. Thus, the number of phases that can be absorbed by redening the mass eigenstates depends
on whether the neutrinos are Dirac or Majorana particles. In particular, if there are only three Majorana
neutrinos, U is a 3 × 3 matrix analogous to the CKM matrix for quarks [16]. However, because of the
Majorana nature of the neutrinos it depends on six independent parameters: three mixing angles and
three phases. This is to be compared to the case of three Dirac neutrinos, where the number of physical
phases is one, similar to the CKM matrix. Note, however, that the two extra Majorana phases affect only








Fig. 1: Kinematic determination of mν
If no new interactions for the charged leptons are present, we can identify their interaction eigen-
states with the corresponding mass eigenstates after phase redenitions. In this case, the charged-current
lepton mixing matrix U is simply given by a 3× n sub-matrix of the unitary matrix V ν .
1.5 Direct determination of mν
1.5.1 Kinematic constraints from weak decays
It was Fermi who rst proposed a kinematic search for the neutrino mass from the hard part of the beta
spectra in 3H beta decay, 3H → 3He + e− + νe. In the absence of leptonic mixing, this search
provides a measurement of the electron neutrino mass.
3H beta decay is a superallowed transition, which means that the nuclear matrix elements do not
generate any energy dependence, so that the electron spectrum is given by the phase space alone,
dN
dT
= CpE(Q− T )
√
(Q− T )2 −m2νF (E) , (18)
where E = T + me, Q is the maximum energy and F (E) is the Fermi function which incorporates
nal-state Coulomb interactions.





pEF (E) , a non-vanishing neutrino mass mν
provokes a distortion from the straight-line T-dependence at the end point: for mν = 0 → Tmax = Q
whereas for mν 6= 0→ Tmax = Q−mν , as illustrated in Fig. 1. 3H beta decay has a very small energy
release, Q = 18.6 KeV, which makes it particularly sensitive to this kinematic effect.
At present the most precise determinations from Troitsk and Mainz experiments [17] give no
indication in favour of mν 6= 0, and one sets an upper limit of mν < 2.2 eV at the 95% condence level
(CL). In the presence of mixing these limits have to be modied and, in general, they involve more than
one avour parameter. For neutrinos with small mass differences, the distortion of the beta spectrum can




mi|Uei|2 < 2.2 eV . (19)











mi|Uτi|2 < 18.2 MeV (95% CL) from τ− → npi + ντ . (21)
Thus, in the presence of non-vanishing mixing the most stringent constraint on the absolute mass of any
of the neutrinos is set by the limit from tritium beta decay in Eq. (19).
1.5.2 Neutrinoless double beta decay
Direct information on neutrino masses can also be obtained from neutrinoless double beta decay (2β0ν)
searches:
(A,Z)→ (A,Z + 2) + e− + e− . (22)










The amplitude of this process is proportional to the product of the two leptonic currents:
Mαβ ∝ [eγα(1− γ5)νe] [eγβ(1− γ5)νe] . (23)
The νe eld annihilates a neutrino and creates an antineutrino. Therefore if the neutrino is a Dirac
particle and neutrino and antineutrino are different states, the contraction 〈0|νe(x)νe(y)|0〉 = 0 and
Mαβ = 0. On the contrary, if νe is a Majorana particle, neutrino and antineutrino are the same state
and 〈0|νe(x)νe(y)|0〉 6= 0. Thus in order to induce the 2β0ν decay, νe must be a Majorana particle. It
follows that 2β0ν decay can give us the answer to one of the main pending questions in neutrino physics:
are neutrinos Dirac or Majorana particles?









which, in addition to the masses and mixing parameters that affect the tritium beta-decay spectrum,
depends also on the leptonic CP-violating phases.
The strongest bound from 2β0ν decay is from the HeidelbergMoscow group [17]:
mee < 0.34 (0.26) eV , 90% (68%) CL . (25)
Taking into account systematic errors related to nuclear matrix elements, the bound may be weakened





Neutrinos, like any other particles, contribute to the total energy density of the Universe. Furthermore,
light neutrinos are relativistic through most of the evolution of the Universe. As a consequence they can
play a relevant role in large-scale structure formation and leave clear signatures in several cosmological
observables. In his lectures in this school, Garcia-Bellido is going to discuss this in detail, so I will only
highlight here the present status.
The main effect of neutrinos in cosmology is to suppress the growth of uctuations on scales below
the horizon when they become non-relativistic. As a consequence, a massive neutrino of a fraction of
an electronvolt would produce a signicant suppression in the clustering on small cosmological scales.
Because of this effect it is possible to infer constraints, although indirectly, on the neutrino masses by
comparing the most recent cosmological data with the current theoretical predictions.
The relevant quantity in these studies is the total neutrino energy density in our Universe, Ωνh2
(where h is the Hubble constant normalized to H0 = 100 km s−1 Mpc−1). At present Ωνh2 is related to





mi/(94 eV) . (26)
Therefore cosmological data give information on the sum of the neutrino masses and have very little to
say on their mixing structure.
Because of these effects, the recent precise astrophysical and cosmological observations have
started to provide indirect upper limits on absolute neutrino masses competitive with those from lab-
oratory experiments [11]. In particular, the combined analysis of high-precision data from Cosmic
Microwave Background (CMB) anisotropies and Large Scale Structures (LSS) has already reached a
sensitivity of O(eV) for the sum of the neutrino masses.
1.6 Summary
Summarizing, in the SM neutrinos are strictly massless. Neutrino masses can be introduced in the model
at the expense of adding new sterile states and/or breaking total lepton number. Depending on the way
the mass term is introduced, neutrinos may be Dirac particles, like any other fermions of the SM for
which neutrinos and antineutrinos are different states, or they may be Majorana particles, being their own
antiparticles. In this second case, one may gain an understanding of why neutrino masses are smaller
than other fermion masses. Massive neutrinos open up the possibility of avour mixing and CP violation
in the lepton sector, as in the quark sector. So far direct searches for neutrino masses have resulted only
in limits, the strongest of which is ∼ few eV.
2 Neutrino oscillations
2.1 Neutrino oscillations in vacuum
If neutrinos have masses, the weak eigenstates, να, produced in a weak interaction are, in general, linear





where n is the number of light neutrino species and U is the the mixing matrix. (Implicit in our denition
of the state |ν〉 is its energymomentum and spacetime dependence.) After travelling a distance L (or,









It can be detected in the charged-current (CC) interaction να(t)N ′ → `βN with a probability






where Ei and mi are the energy and the mass of the neutrino mass eigenstate νi, respectively.
Using the standard approximation that |ν〉 is a plane wave |νi(t)〉 = e−i Eit|νi(0)〉, that neutrinos









and the orthogonality relation 〈νj(0)|νi(0)〉 = δij , we get the following transition probability:























L = t is the distance between the production point of να and the detection point of νβ . The rst line in
Eq. (31) is CP conserving while the second is CP violating and has opposite sign for ν and ν¯.





and amplitude that is proportional to elements in the mixing matrix. Thus, in order to have oscillations,
neutrinos must have different masses (∆m2ij 6= 0) and they must mix (UαiUβi 6= 0).
A neutrino oscillation experiment is characterized by the typical neutrino energy E and by the
sourcedetector distance L. But in general, neutrino beams are not monoenergetic. Thus, rather than


















αjUβj ]〈sin2 xij〉 ,
(34)
where Φ is the neutrino energy spectrum, σCC is the cross-section for the process in which the neutrino
is detected (in general, a CC interaction), and (Eν) is the detection efciency.
In order to be sensitive to a given value of ∆m2ij , the experiment has to be set up with E/L ≈
∆m2ij (L ∼ Losc0,ij). The typical values of L/E for different types of neutrino sources and experiments
are summarized in Table 1. If (E/L) ∆m2ij (L Losc0,ij), the oscillation does not have time to give an
appreciable effect because sin2 xij  1. If L  Losc0,ij , the oscillating phase goes through many cycles




Table 1: Characteristic values of L and E
Experiment L (m) E (MeV) ∆m2 (eV2)
Solar 1010 1 10−10
Atmospheric 104107 102105 10−110−4
Reactor SBL 102103 1 10−210−3
LBL 104105 10−410−5
Accelerator SBL 102 103104 > 0.1
LBL 105106 104 10−210−3
For a two-neutrino case, the mixing matrix depends on a single parameter,
U =
(
cos θ sin θ
− sin θ cos θ
)
, (35)
and there is a single mass-squared difference ∆m2. Then Pαβ of Eq. (31) takes the well known form
Pαβ = δαβ − (2δαβ − 1) sin2 2θ sin2 x . (36)
The physical parameter space is covered with ∆m2 ≥ 0 and 0 ≤ θ ≤ pi2 (or, alternatively, 0 ≤ θ ≤ pi4
and either sign for ∆m2).
Changing the sign of the mass difference, ∆m2 → −∆m2, and changing the octant of the mixing
angle, θ → pi2 − θ, amounts to redening the mass eigenstates, ν1 ↔ ν2: Pαβ must be invariant under
such transformation. Equation (36) reveals, however, that Pαβ is actually invariant under each of these
transformations separately. This situation implies that there is a two-fold discrete ambiguity in the inter-
pretation of Pαβ in terms of two-neutrino mixing: the two different sets of physical parameters, (∆m2, θ)
and (∆m2, pi2 − θ), give the same transition probability in vacuum. One cannot tell from a measurement
of, say, Peµ in vacuum whether the larger component of νe resides in the heavier or in the lighter neutrino
mass eigenstate. As we shall see next, this symmetry is lost when neutrinos travel through regions of
dense matter.
2.2 Neutrinos in matter: effective potentials
When neutrinos propagate in dense matter, the interactions with the medium affect their properties. These
effects are either coherent or incoherent. For purely incoherent inelastic νp scattering, the characteristic











The smallness of this cross-section is demonstrated by the fact that if a beam of 1010 neutrinos with
E ∼ 1 MeV was aimed at the Earth, only one would be deected by the Earth’s matter. It may seem
then that for neutrinos matter is irrelevant. However, one must take into account that Eq. (37) does
not contain the contribution from forward elastic coherent interactions. In coherent interactions, the
medium remains unchanged and it is possible to have interference of scattered and unscattered neutrino
waves which enhances the effect. Coherence further allows one to decouple the evolution equation of the
neutrinos from the equations of the medium. In this approximation, the effect of the medium is described
by an effective potential which depends on the density and composition of the matter [18].
For example, the effective potential for the evolution of νe in a medium with electrons, protons
and neutrons due to its CC interactions is given by (a detailed derivation of this result can be found, for







where Ne is the electron number density. For νe the sign of VC is reversed. This potential can also be
expressed in terms of the matter density ρ:
VC =
√
2GFNe ' 7.6Ye ρ
1014g/cm3
eV , (39)
where Ye = NeNp+Nn is the relative number density. Three examples that are relevant to observations are
the following:
 at the Earth’s core ρ ∼ 10 g/cm3 and VC ∼ 10−13 eV ;
 at the solar core ρ ∼ 100 g/cm3 and VC ∼ 10−12 eV .
In the same way we can obtain the effective potentials for any avour neutrino or antineutrino due
to interactions with different particles in the medium. For νµ and ντ , VC = 0 for most media while for
any active neutrino the effective potential due to neutral-current (NC) interactions in neutral medium is
VN = −1/
√
2GFNn, where Nn is the number density of neutrons.
2.3 Evolution in matter: effective mass and mixing
There are several derivations in the literature of the evolution equation of a neutrino system in matter
(see, for instance, Refs. [1921]).
Consider a state which is an admixture of two neutrino species |νe〉 and |νX〉 or, equivalently, of
|ν1〉 and |ν2〉:
|Φ(x)〉 = Φe(x)|νe〉+ ΦX(x)|νX〉 = Φ1(x)|ν1〉+ Φ2(x)|ν2〉 . (40)
We decompose the neutrino state: Φi(x) = νi(x)φi(x), where φi(x) is the Dirac spinor part.
The evolution of Φ in a medium is described by a system of coupled Dirac equations, but after
several approximations the spinorial part can drop out and we end up with an equation which can be







































Here ∆m2 = m22 −m21.
We dene the instantaneous mass eigenstates in matter, νmi , as the eigenstates of Mw for a xed











cos θm sin θm












+E(Ve + VX)∓ 1
2
√
(∆m2 cos 2θ −A)2 + (∆m2 sin 2θ)2 , (44)
and the mixing angle in matter is given by
tan 2θm =
∆m2 sin 2θ

















Fig. 2: Effective masses (left) and mixing angle (right) acquired in the medium by a system of two massive
neutrinos as a function of the potential A [see Eq. (44)]
The quantity A is dened by
A ≡ 2E(Ve − VX) . (46)
In Fig. 2 we plot the effective masses and the mixing angle in matter as functions of the potential A, for
A > 0 and ∆m2 cos 2θ > 0. Notice that even massless neutrinos acquire non-vanishing effective masses
in matter. The resonant density (or potential) AR is dened as the value of A for which the difference
between the effective masses is minimal:
AR = ∆m
2 cos 2θ . (47)
The mixing angle tan θm changes sign at AR. As can be seen in Fig. 2, for A > AR we have θm  θ.
For A AR we have total inversion of the states, θm = pi2 − θ.
Notice that once the sign of Ve − VX (which depends on the composition of the medium and on
the state X) is known, this resonance condition can only be achieved for a given sign of ∆m2 cos 2θ, i.e.,
for mixing angles in only one of the two possible octants. We learn that the symmetry present in vacuum
oscillations is broken by matter potentials. Also, if the resonant condition is achieved for two neutrinos
it cannot be achieved for antineutrinos of the same avour and vice versa.




(∆m2 cos 2θ −A)2 + (∆m2 sin 2θ)2 , (48)
where the oscillation length in vacuum, Losc0 , was dened in Eq. (33). The oscillation length in matter





The width (in distance) of the resonance, δrR, corresponding to δAR = 2∆m2 sin2 2θ, and the resonance












For constant A, i.e., for constant matter density, the evolution of the neutrino system is described just in




2.4 Adiabatic versus non-adiabatic transitions






































For constant matter density, θm is constant and the second term vanishes. In general, using the denition
of the effective masses µi(t) in Eq. (44), and subtracting a diagonal piece (µ21 + µ22)/2E × I , we can
















where we dened ∆(t) ≡ µ22(t)− µ21(t).
The evolution equations (53) constitute a system of coupled equations: the instantaneous mass
eigenstates, νmi , mix in the evolution and are not energy eigenstates. The importance of this effect is
controlled by the relative size of the off-diagonal piece 4E θ˙m(t) with respect to the diagonal one ∆(t).
When ∆(t)  4E θ˙m(t), the instantaneous mass eigenstates, νmi , behave approximately as energy
eigenstates and they do not mix in the evolution. This is the adiabatic transition approximation. From
the denition of θm in Eq. (45) we nd that the adiabaticity condition can be expressed in terms of the









∣∣∣∣ 1 . (54)
Since for small mixing angles the maximum of ˙θm occurs at the resonance point (as seen in Fig. 2), the








where we used the denitions of AR, δrR, and hR in Eqs. (47) and (50). Written in this form, we see
that the adiabaticity condition, Q  1, implies that many oscillations take place in the resonant region.
Conversely, whenQ ≤ 1 the transition is non-adiabatic. The generalization of the condition of maximum
adiabaticity violation to large mixings can be found in Refs. [23, 24].
The survival amplitude of a νe produced in matter at t0 and exiting the matter at t > t0 can be
written as follows:
A(νe → νe; t) =
∑
i,j
A(νe(t0)→ νi(t0)) A(νi(t0)→ νj(t)) A(νj(t)→ νe(t)) ,
A(νe(t0)→ νi(t0)) = 〈νi(t0)|νe(t0)〉 = U∗ei(θm,0) ,
A(νj(t)→ νe(t)) = 〈νe(t)|νj(t)〉 = Uej(θ) ,
(56)
where U ∗ei(θm,0) is the (ei) element of the mixing matrix in matter at the production point and Uej(θ) is
the (ej) element of the mixing matrix in vacuum.
In the adiabatic approximation the mass eigenstates do not mix, so












Note that Ei is a function of time because the effective mass µi is a function of time,
Ei(t






Thus the transition probability for the adiabatic case is given by
















For the case of two-neutrino mixing, Eq. (59) takes the form
P (νe → νe; t) = cos2 θm cos2 θ + sin2 θm sin2 θ + 1
2














(∆m2 cos 2θ −A(t′))2 + (∆m2 sin 2θ)2dt′ ,
which, in general, has to be evaluated numerically. There are some analytical approximations for specic
forms of A(t′): exponential, linear, etc. (see, for instance, Ref. [25]). For δ(t)  E, the last term in
Eq. (60) is averaged out and the survival probability takes the form
P (νe → νe; t) = 1
2
[1 + cos 2θm cos 2θ] . (61)
In Fig. 3 we plot isocontours of constant survival probability in the parameter plane (∆m2, tan2 θ) for
the particular case of the Sun density for which A > 0. Notice that, unlike sin2 2θ, tan2 θ is a single
valued function in the full parameter range 0 ≤ θ ≤ pi/2. Therefore, it is a more appropriate variable
once matter effects are included and the symmetry of the survival probability with respect to the change
of octant for the mixing angle is lost. As seen in the gure, for θ < pi/4, P (νe → νe) in matter can be
larger or smaller than 1/2, in contrast to the case of vacuum oscillations where, in the averaged regime,
P vacee = 1 − 12sin2 2θ > 12 . In Fig. 3 we also plot the limiting curve for Q = 1. To the left of and
below this curve the adiabatic approximation breaks down and the isocontours in Fig. 3 deviate from
the expression in Eq. (61). In this region, the off-diagonal term θ˙m cannot be neglected and the mixing
between instantaneous mass eigenstates is important. In this case we can write
A(νi(t0)→ νj(t)) = 〈νj(t)|νj(tR)〉〈νj(tR)|νi(tR)〉〈νi(tR)|νi(t0)〉 , (62)
where tR is the point of maximum adiabaticity violation which, for small mixing angles, corresponds to
the resonance point. The possibility of this level crossing can be described in terms of the LandauZener
probability [26]:
PLZ = |〈νj(tR)|νi(tR)〉|2 (i 6= j) . (63)
Introducing this transition probability in Eq. (56), we nd that in the non-adiabatic regime (after averag-
ing out the oscillatory term), the survival probability can be written as
P (νe → νe; t) = 1
2
[1 + (1− 2PLZ)cos 2θm cos 2θ] . (64)
The physical interpretation of this expression is as follows. An electron neutrino produced at A > AR
consists of an admixture of ν1 with fraction cos2 θm and ν2 with fraction sin2 θm. In particular, for very
small mixing angles in vacuum, θm ∼ pi/2 (see Fig. 2) so νe is almost a pure ν2(t0) state. When the
neutrino state reaches the resonance, ν2 (ν1) can jump to ν1 (ν2) with probability PLZ or remain as ν2




Fig. 3: Left: Isocontours of the survival probablity Pee in the Sun, showing also the limit of applicability of the
adiabatic approximation Q = 1 (dashed line). Right: Survival probablity for a νe state produced in the centre of
the Sun as a function of E/∆m2 for various values of the mixing angle.
Pe1 = sin
2 θmPLZ + cos
2 θm(1 − PLZ), and a fraction of ν2: Pe2 = cos2 θmPLZ + sin2 θm(1 − PLZ).
At the exit ν1 consists of νe with fraction cos2 θ and ν2 consists of νe with fraction sin2 θ so [2729]
Pee = cos
2 θPe1 + sin
2 θPe2 which reproduces Eq. (64).
The LandauZener probability can be evaluated in the WKB approximation. The general form of
the LandauZener probability for an exponential density can be written as [30, 31]
PLZ =
exp(−γsin2 θ)− exp(−γ)







When νe is produced at A AR and θ is small, θm ∼ 90◦. In this case γ is very large and
PLZ ' exp(−γ sin2 θ) ' exp
(−pi4Q) and the survival probability is simply given by







where Q is the adiabaticity parameter dened in Eq. (55). Since Q ∼ ∆m2 sin2 2θ/E, the isocontours of
constant probability in this regime correspond to diagonal lines in the (∆m2, tan2 θ) plane in a log-log
plot, as illustrated in Fig. 3.
2.5 Propagation in the Sun: MSW effect
As an illustration of the matter effects discussed in the previous section, we describe now the propagation
of a νe− νX neutrino system in the matter density of the Sun where X is some superposition of µ and τ .
The solar density distribution decreases monotonically with the distance R to the centre of the Sun.
For R < 0.9R it can be approximated by an exponential Ne(R) = Ne(0) exp (−R/r0), with r0 =
R/10.54 = 6.6× 107 m = 3.3 × 1014 eV−1. After traversing this density the dominant component of
the exiting neutrino state depends on the value of the mixing angle in vacuum and the size of ∆m2 cos 2θ
relative to A0 = 2E GF Ne,0 (at the neutrino production point).
(i) ∆m2 cos 2θ  A0: matter effects are negligible and the propagation occurs as in vacuum. The
survival probability at the sunny surface of the Earth is
Pee(∆m









(ii) ∆m2 cos 2θ > A0: the neutrino does not pass the resonance but its mixing is affected by the
matter. This effect is well described by an adiabatic propagation:
Pee(∆m
2 cos 2θ ≥ A0) = 1
2
[1 + cos 2θm cos 2θ] . (67)
Since the resonance is not crossed, cos 2θm has the same sign as cos 2θ and the corresponding
survival probability is also larger than 1/2.
(iii) ∆m2 cos 2θ < A0: the neutrino can cross the resonance on its way out. In this case for small
mixing angle in vacuum, νe ∼ νm2 at the production point and remains νm2 until the resonance
point (for larger mixing but still in the rst octant, νe is a combination of νm1 and νm2 with larger
νm2 component). More quantitatively, for ∆m2 cos 2θ  A0 (density at the production point much




− θ → cos 2θm,0 = − cos 2θ . (68)




∼ 3× 10−9 . (69)
ForQ 1 the transition is adiabatic and the neutrino state remains in the same linear combination
of mass eigenstates after the resonance determined by θm. As seen in Fig. 2, θm (that is, the νe
component of the state) decreases after crossing the resonance and, consequently, so does the
survival probability Pee. In particular, for small mixing angle, ν2 at the exit point is almost a pure
νX and, consequently, Pee can be very small. Explicitly,
Pee(∆m
2 cos 2θ < A0, Q 1) = 1
2
[1 + cos 2θm,0 cos 2θ] = sin
2 θ (70)
where we have used Eq. (68). Thus in this regime Pee can be much smaller than 1/2 because
cos 2θm,0 and cos 2θ have opposite signs. Note that the smaller the mixing angle in vacuum the
larger is the decit of electron neutrinos in the outgoing state. This is the MSW effect [18, 22].
This behaviour is illustrated in Fig. 3 where we plot the electron survival probability as a function
of ∆m2/E for different values of the mixing angle.
For smaller values of ∆m2/E (right side of Fig. 3) we approach the regime whereQ < 1 and non-
adiabatic effects start playing a role. For the Sun, the neutrinos have a maximum energy E < 20 MeV,









cos 2θ < 6× 10−8 . (71)
This means that the mixing angle and/or ∆m2/eV2 must be very small.
If the neutrino parameters verify Eq. (71), the neutrino state can jump from ν2 into ν1 (or vice
versa) on its way out of the Sun with probability PLZ. This means that there is a partial conversion back
to the original avour as compared to the adiabatic transition. As a consequence, the νe component of
the exiting neutrino increases. This can be seen from the expression for Pee,
Pee(∆m
2 cos 2θ < A0, Q 1) = 1
2
[1 + (1− 2PLZ)cos 2θm cos 2θ] , (72)




2.6 Summary: oscillation plots
Neutrino oscillation experiments measure Pαβ and from these measurements we can infer the values
of neutrino masses and mixing. For illustration purposes, it is common practice to interpret rst the
individual results in the framework of oscillations between two-neutrino states. In other words, the
constraints of a given experiment on Pαβ are translated into allowed or excluded regions in the plane
formed by the unique ∆m2 and some trigonometric function of the unique mixing angle. In order to
fully recover all the parameter space for the case of both oscillations in vacuum and matter one can
choose ∆m2 > 0 and a trigonometric function that is single-valued in the range 0 ≤ θ < pi2 . The most
common choices are sin2 θ or tan2 θ. An example is given in Fig. 4.
Fig. 4: The characteristic form of an excluded region from a negative search with fixed L/E and of an allowed
region from a positive search with varying L/E in the two-neutrino oscillation parameter plane
When an experiment is taking data at xed 〈L〉 and 〈E〉, as is the case for most laboratory searches,
its result can always be accounted for by ∆m2 that is large enough to be in the region of averaged oscilla-
tions, 〈sin2 xij〉 = 1/2. Consequently, no upper bound on ∆m2 can be achieved by such experiment. So,
for negative searches that set an upper bound on the oscillation probability, 〈Pαβ〉 ≤ PL, the excluded




plane, limited by the following
asymptotic lines:
 for ∆m2  1/〈L/E〉, a vertical line at sin2 2θ = 2PL;
 for ∆m2  1/〈L/E〉, the oscillating phase can be expanded and the limiting curve takes the form
∆m2 sin 2θ = 4
√
PL/〈L/E〉.
If, instead, data are taken at several values of 〈L〉 and/or 〈E〉, the corresponding region may be closed as
it is possible to have direct information on the characteristic oscillation wavelength.
When there are no relevant matter effects in the neutrino propagation the region for two-neutrino





3 The data and their interpretation
3.1 Atmospheric neutrinos
Cosmic rays interacting with the nitrogen and oxygen in the Earth’s atmosphere at an average height of
15 kilometres produce mostly pions and some kaons that decay into electron and muon neutrinos and
antineutrinos. Since νe are produced mainly from the decay chain pi → µνµ followed by µ → eνµνe,
one na¤vely expects a 2 : 1 ratio of νµ to νe. (For higher energy events the expected ratio is larger
because some of the muons arrive at Earth before they have had time to decay.) In practice, however,
the theoretical calculation of the ratio of muon-like interactions to electron-like interactions in each
experiment is more complicated. In the present calculations the predicted absolute uxes of neutrinos
produced by cosmic-ray interactions in the atmosphere are uncertain at the 20% level, whereas the ratios
of neutrinos of different avour are expected to be accurate to better than 5%.
Atmospheric neutrinos are observed in underground experiments using different techniques and
leading to different types of event depending on their energy. They can be detected by the direct ob-
servation of their charged-current (CC) interaction inside the detector. These are the contained events.
Contained events can be further classied into fully contained events, when the charged lepton (either
electron or muon) that is produced in the neutrino interaction does not escape the detector, and partially
contained events, when the produced muon exits the detector. For fully contained events the avour,
kinetic energy and direction of the charged lepton can be best determined. Some experiments further
divide the contained data sample into sub-GeV and multi-GeV events, according to whether the visible
energy is below or above 1.2 GeV. On average, sub-GeV events arise from neutrinos of several hun-
dreds of MeV and multi-GeV events are originated by neutrinos with energies of the order of several
GeV. Higher energy muon neutrinos and antineutrinos can also be detected indirectly by observing the
muons produced in their CC interactions in the vicinity of the detector. These are the upgoing muons.
Should the muon stop inside the detector, it is classied as a stopping muon (which arises from neutrinos
Eν ∼ 10 GeV); if the muon track crosses the full detector, the muon is classied as a through-going
muon (which is originated by neutrinos with energies of the order of hundreds of GeV). Downgoing
muons from νµ interactions above the detector cannot be distinguished from the background of cosmic
ray muons. Higher energy νe cannot be detected in this way as the produced electrons shower immedi-
ately in the rock. In Fig. 5 we display the characteristic neutrino energy distribution for these different
types of event.
Atmospheric neutrinos were rst detected in the 1960s by the underground experiments in South
Africa [32] and the Kolar Gold Field experiment in India [33]. These experiments measured the ux
of horizontal muons (they could not discriminate between downgoing and upgoing directions) and al-
though the observed total rate was not in full agreement with theoretical predictions the effect was not
statistically signicant.
A set of modern experiments was proposed and built in the 1970s and 1980s. The original purpose
was to search for nucleon decay, for which atmospheric neutrinos constitute background. Two different
detection techniques were employed. In water Cherenkov detectors the target is a large volume of wa-
ter surrounded by photomultipliers which detect the Cherenkov-ring produced by the charged leptons.
The event is classied as electron-like if the ring is diffuse and muon-like if the ring is sharp. In iron
calorimeters, the detector is composed of a set of alternating layers of iron which act as a target and some
tracking element (such as plastic drift tubes) which allows the reconstruction of the shower produced by
the electrons or the tracks produced by muons. Both types of detector allow for avour classication of
the events as well as the measurement of the scattering angle of the outgoing charged lepton and some
determination of its energy.
The two oldest iron calorimeter experiments, Fr·ejus [34] and NUSEX [35], found atmospheric
neutrino uxes in agreement with the theoretical predictions. On the other hand, two water Cherenkov
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Fig. 5: Event rates as a function of neutrino energy for fully contained events, stopping muons, and through-going
muons at SuperKamiokande
than the expected one by a factor of about 0.6. Kamiokande performed separate analyses for both
sub-GeV neutrinos and multi-GeV neutrinos [37], which showed the same decit. This was the orig-
inal formulation of the atmospheric neutrino anomaly. Whether Rµ/e/RMCµ/e is small because there is νµ
disappearance or νe appearance or a combination of both could not be determined. Furthermore, the fact
that the anomaly appeared only in water Cherenkov and not in iron calorimeters left the window open
for the suspicion of a possible systematic problem as the origin of the effect.
Kamiokande also presented the zenith angular dependence of the decit for the multi-GeV neutri-
nos. The zenith angle, parametrized in terms of cos θ, measures the direction of the reconstructed charged
lepton with respect to the vertical of the detector. Vertically downgoing and upgoing particles correspond
to cos θ = +1 and −1, respectively. Horizontally arriving particles come at cos θ = 0. Kamiokande
results seemed to indicate that the decit was mainly due to the neutrinos coming from below the hori-
zon. Atmospheric neutrinos are produced isotropically at a distance of about 15 km above the surface of
the Earth. Therefore neutrinos coming from the top of the detector have travelled approximately those
15 kilometres before interacting, whereas those coming from the bottom of the detector have traversed
the full diameter of the Earth, ∼ 104 km, before reaching the detector. The Kamiokande distribution
suggested that the decit increases with the distance between the neutrino production and interaction
points.
In the last eight years, the case for the atmospheric neutrino anomaly has become much stronger
with the high-precision and large-statistics data from SuperKamiokande (SK) [38], and it has received
important conrmation from the iron calorimeter detectors Soudan2 [39] and MACRO [40]. In June
1998, in the Neutrino98 conference, SK presented evidence of νµ oscillations [38] based on the angular
distribution for their contained-event data sample. Since then SK has accumulated more statistics and
has also studied the angular dependence of the upgoing muon sample. In Fig. 6 we show their data
corresponding to 79 kt·year (1289 days) exposure. In the gure we show the angular zenith distribution
of the different samples. Comparing the observed and the expected (Monte Carlo) distributions, we can
make the following statements.
(i) νe distributions are well described by the Monte Carlo while νµ presents a decit. Thus the atmo-
spheric neutrino decit is mainly due to disappearance of νµ and not the appearance of νe.
(ii) The suppression of contained muon-like events is stronger for larger cos θ, which implies that the
decit grows with the distance travelled by the neutrino from its production point to the detector.
This effect is more obvious for multi-GeV events because at higher energy the direction of the
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Fig. 6: Zenith angle distribution of SuperKamiokande 1289 day data samples. Dots, solid line and dashed line
correspond to data, Monte Carlo with no oscillation and Monte Carlo with best-fit oscillation parameters, respec-
tively.
of an updown asymmetry:
Aµ ≡ U −D
U +D
= −0.316 ± 0.042(stat.)± 0.005(syst.) , (73)
where U (D) are the contained muon-like events with zenith angle in the range −1 < cos θ <
−0.2 (0.2 < cos θ < 1). It deviates from the SM value, Aµ = 0, by 7.5 standard deviations.
(iii) The overall suppression of the ux of stopping muons, ΦST, is by a factor of about 0.6, similar to
contained events. However, for the ux of through-going muons, ΦTH, the suppression is weaker,
which implies that the effect is smaller at larger neutrino energy. This effect is also parametrized
in terms of the double ux ratio:
ΦST/ΦTH|obs
ΦST/ΦTH|MC = 0.635 ± 0.049(stat.)± 0.035(syst.)± 0.084(theo.) , (74)
which deviates from the SM value of 1 by about 3 standard deviations.
These effects have been conrmed by the results of the iron calorimeters Soudan2 and MACRO,
which removed the suspicion that the atmospheric neutrino anomaly is simply a systematic effect in the
water detectors.
To analyse the atmospheric neutrino data in terms of oscillations, one needs to have a good un-




atmospheric neutrino uxes and their interaction cross-section (see, for instance, Ref. [13] for a recent
review and a list of the relevant references).
3.1.1 Two-neutrino oscillation analysis
The simplest and most direct interpretation of the atmospheric neutrino anomaly is that of muon-neutrino
oscillations [41]. The estimated value of the oscillation parameters can be easily derived in the following
way:
 The angular distribution of contained events shows that, for E ∼ 1 GeV, the decit comes mainly
from L ∼ 102104 km. The corresponding oscillation phase must be maximal, ∆m2(eV2)L(km)2E(GeV) ∼1,
which requires ∆m2 ∼ 10−410−2 eV2.
 Assuming that all upgoing νµ which would lead to multi-GeV events oscillate into a different
avour while none of the downgoing ones do, the updown asymmetry is given by |Aµ| =
sin2 2θ/(4 − sin2 2θ). The present one sigma bound reads |Aµ| > 0.27 [see Eq. (73)], which
requires that the mixing angle be close to maximal, sin2 2θ > 0.85.
In order to go beyond these rough estimates, one must compare in a statistically meaningful way the
experimental data with the detailed theoretical expectations.
Expected event rates
For a given neutrino oscillation channel, the expected number of muon-like and electron-like contained
events, Nα (α = µ, e), can be computed as









ε(Eβ)dEνdEβd(cos θν)dh . (76)
Here Pαβ is the conversion probability of να → νβ for given values of Eν , cos θν and h, i.e., Pαβ ≡
P (να → νβ;Eν , cos θν , h). In the SM, the only non-zero elements are the diagonal ones, i.e., Pαα = 1
for all alpha. In Eq. (76), nt denotes the number of target particles, T is the experiment running time,
Eν is the neutrino energy, Φα is the ux of atmospheric να, Eβ is the nal charged lepton energy, ε(Eβ)
is the detection efciency for such a charged lepton, σ is the neutrinonucleon interaction cross-section,
and θν is the angle between the vertical direction and the incoming neutrinos (cos θν = 1 corresponds to
the down-coming neutrinos). In Eq. (76), h is the slant distance from the production point to the sea level
for alpha-type neutrinos with energy Eν and zenith angle θν , and κα is the slant distance distribution,
normalized to one.
To obtain the expectation for the angular distribution of contained events one must integrate the
corresponding bins for cos θβ , where θβ is the angle of the detected lepton, taking into account the
opening angle between the neutrino and the charged-lepton directions as determined by the kinematics
of the neutrino interaction.
Experimental results on upgoing muons are presented in the form of measured muon uxes. To
obtain the effective muon uxes for both stopping and through-going muons, one must convolute the
survival probabilities for νµ with the corresponding muon uxes produced by the neutrino interactions
with the Earth. One must further take into account the muon energy loss during propagation both in the
















Fig. 7: Allowed regions from the analysis of atmospheric neutrino data. The different contours correspond to at
90%, 95%, 99% and 3σ CL
Oscillation probabilities
The oscillation probabilities are obtained by solving the evolution equation of the νµ− νX system in the


















Hµ =Vµ − ∆m
2
4Eν
cos 2θ , HX = VX +
∆m2
4Eν




The various neutrino potentials in matter are given by Ve = VC + VN, Vµ = Vτ = VN, and Vs = 0 where
the CC and NC potentials VC and VN are proportional to the electron and neutron number density (see
Section 2.2), or equivalently, to the matter density in the Earth [42]. For antineutrinos, the signs of the
potentials are reversed.
ForX = τ , we have Vµ = Vτ and consequently these potentials can be removed from the evolution
equation. The solution of Eq. (77) is then straightforward and the probability takes the well-known
vacuum form [Eq. (36)], which is equal for neutrinos and antineutrinos. For X = e or s, the effect of the
matter potentials requires a numerical solution of the evolution equations in order to obtain Pαβ which,
furthermore, is different for neutrinos and antineutrinos.
Altogether the best interpretation of the atmospheric neutrino data is the oscillation (at least as
dominant component) of νµ into ντ . In Fig. 7 we plot the allowed regions from the global analysis,




]× 10−3 eV2 , tan2 θ = 1± 0.25 . (78)
Other oscillation channels are, at present, ruled out. νµ → νe is excluded with high CL as the explanation
of the atmospheric neutrino anomaly for two different reasons.
(i) SK high precision data show that the νe contained events are very well described by the SM




distribution, however, shows an angle-dependent decit. νµ → νe oscillations can explain the
angular dependence of the νµ ux only at the price of introducing angular dependence of the νe
ux, in contrast to the data.
(ii) Explaining the atmospheric data with νµ → νe transition has direct implications for the ν¯e → ν¯µ
transition. In particular, there should be a ν¯e decit in the CHOOZ reactor experiment, which was
not observed (we will discuss CHOOZ latter in this lecture).
νµ → νs is also ruled out as a possible explanation of the atmospheric neutrino anomaly because the
presence of matter effects in this channel predicts a atter-than-observed angular distribution of through-
going muon events. Also if νµ oscillates into sterile neutrinos one expects a relative suppression of the
NC signal, which has not been observed.
3.2 Solar neutrinos
Solar neutrinos are electron neutrinos produced in the thermonuclear reactions which generate the solar
energy. These reactions occur via two main chains, the pp-chain and the CarbonNitrogenOxygen
(CNO) cycle. There are ve reactions which produce νe in the pp chain and three in the CNO cycle.
In Fig. 8 we show the energy spectrum of the uxes from the eight reactions. Both chains result in the
overall fusion of protons into 4He:
4p → 4He + 2e+ + 2νe + γ , (79)
where the energy released in the reaction, Q = 4mp−m4He−2me ' 26 MeV, is mostly radiated through
the photons and only a small fraction is carried by the neutrinos, 〈E2νe〉 = 0.59 MeV.
Fig. 8: Neutrino fluxes from the pp chain reactions (full lines) and the CNO cycle reaction (dashed lines) as a
function of the neutrino energy
In what follows we refer to the neutrino uxes by the corresponding source reaction; so, for in-
stance, the neutrinos produced from 8B decay are called 8B neutrinos. Most reactions produce a neutrino
spectrum characteristic of beta decay. For 8B neutrinos the energy distribution presents deviations with
respect to the maximum allowed energy because the nal state, 8Be, is a wide resonance. On the other
hand, the 7Be neutrinos are almost monochromatic, with an energy width of about 2 keV which is char-




In order to precisely determine the rates of the different reactions in the two chains which would
give us the nal neutrino uxes and their energy spectrum, a detailed knowledge of the Sun and its
evolution is needed. Solar models describe the properties of the Sun and its evolution after entering
the main sequence. The models are based on a set of observational parameters [the surface luminosity
(3.844×1026 W), the age (4.5×109 years), the radius (6.961×108 m) and the mass (1.989×1030 kg)], and
on several basic assumptions (spherical symmetry, hydrostatic and thermal equilibrium, equation of state
of an ideal gas, and present surface abundances of elements similar to the primordial composition). Over
the past four decades, the solar models have been steadily rened as the result of increased observational
and experimental information about the input parameters (such as nuclear reaction rates and the surface
abundances of different elements), more accurate calculations of constituent quantities (such as radiative
opacity and equation of state), the inclusion of new physical effects (such as element diffusion), and the
development of faster computers and more precise stellar evolution codes. We use as Standard Solar
Model (SSM) the most updated version of the model developed by Bahcall and Pinsonneault [44].
To describe the evolution of neutrinos in solar matter, one needs to know other quantities that are
predicted by the SSM, such as the density and composition of solar matter. As discussed in Section 2,
the solar matter density decreases monotonically and can be approximated by an exponential prole.
Furthermore, in order to precisely determine the evolution of the neutrino system one also needs to know
the production point distribution for the different neutrino uxes.
3.2.1 Experiments
Chlorine experiment: Homestake
The rst result on the detection of solar neutrinos was announced by Ray Davis, Jr. and his collaborators
from Brookhaven in 1968 [45]. In the gold mine of Homestake in Lead, South Dakota, they installed a
detector consisting of ∼ 615 t of C2Cl4. Solar νe are captured via
37Cl (ν, e−) 37Ar .
The energy threshold for this reaction is 0.814 MeV, so the relevant uxes are the 7Be and 8B neutrinos.
For the SSM uxes, 78% of the expected number of events are due to 8B neutrinos and 13% arise from
7Be neutrinos. The produced 37Ar is extracted radiochemically every three months approximately and
the number of 37Ar decays (t 1
2
= 34.8 days) is measured in a proportional counter.
The average event rate measured during the more than 20 years of operation is
RCl = 2.56 ± 0.16 ± 0.16 SNU⇒ RClSSM = 0.30 ± 0.03 (80)
(1 SNU = 10−36 captures per atom per second).
Gallium experiments: SAGE and GALLEX/GNO
In January 1990 and May 1991, two new radiochemical experiments using a 71Ga target started taking
data: SAGE [46] and GALLEX [47]. The SAGE detector is located in Baksan, Kaberdino-Balkaria,
Russia, with 30 t (increased to 57 t from July 1991) of liquid metallic Ga. GALLEX is located in Gran
Sasso, Italy, and consists of 30 t of GaCl3-HCl. In these experiments the solar neutrinos are captured via
71Ga(ν, e−)71Ge .
The special properties of this target include a low threshold (0.233 MeV) and a strong transition to the
ground level of 71Ge, which gives a large cross-section for the lower energy pp neutrinos. According
to the SSM, approximately 54% of the events are due to pp neutrinos, while 26% and 11% arise from




of 71Ge decays (t 1
2
= 11.4 days) is measured in a proportional counter. The GALLEX program was
completed in the autumn of 1997 and its successor GNO started taking data in spring 1998.
The averaged event rates measured by SAGE and GALLEX/GNO are
RGALLEX+GNO+SAGE = 68.1 ± 3.75 SNU⇒ RGaSSM = 0.52 ± 0.03 . (81)
Since the pp ux is directly constrained by the solar luminosity, in all stationary solar models there is a
theoretical minimum of the expected number of events of 79 SNU.
Water Cherenkov: Kamiokande and SuperKamiokande
Kamiokande [48] and its successor SuperKamiokande (SK) [49] in Japan are water Cherenkov detectors
that are able to detect in real time the electrons scattered from the water by elastic interaction of the solar
neutrinos,
νa + e
− → νa + e− . (82)
The scattered electrons produce Cherenkov light which is detected by photomultipliers. Note that, while
the detection process in radiochemical experiments is purely a CC (W -exchange) interaction, the detec-
tion process of Eq. (82) goes through both CC and NC (Z-exchange) interactions. Consequently, the
detection process (82) is sensitive to all active neutrino avours, although νe (which are the only ones to
scatter via W -exchange) give a contribution that is about six times larger than that of νµ or ντ .
Kamiokande, with 2140 t of water, started taking data in January 1987 and was terminated in
February 1995. SK, with 45 000 t of water (of which 22 500 are usable in solar neutrino measurements)
started in May 1996 and it has analysed so far the events corresponding to 1258 days. The detection
threshold in Kamiokande was 7.5 MeV and SK late runs were at 5 MeV. This means that these experi-
ments are able to measure only the 8B neutrinos (and the very small high-energy physics neutrino ux).
Their results are presented in terms of measured 8B ux:
ΦKam = (2.80 ± 0.19 ± 0.33) × 106 cm−2s−1 ,
ΦSK = (2.35 ± 0.02 ± 0.08) × 106 cm−2s−1 ⇒ ΦSK
ΦSSM
= 0.406 ± 0.013 .
SNO
The Sudbury Neutrino Observatory (SNO) was rst proposed in 1987 and it started taking data in Novem-
ber 1999 [50]. The detector, a great sphere surrounded by photomultipliers, contains approximately
1000 t of heavy water, D2O, and is located at the Creighton mine, near Sudbury in Canada. SNO was
designed to give a model-independent test of the possible explanations of the observed decit in the solar
neutrino ux by having sensitivity to all avours of active neutrinos and not just to νe. This sensitivity
is achieved because energetic neutrinos can interact in the D2O of SNO via three different reactions.
Electron neutrinos may interact via the CC reaction
νe + d→ p+ p+ e− , (83)
and can be detected above an energy threshold of a few MeV (at present, Te > 5 MeV). All active
neutrinos (νa = νe, νµ, ντ ) interact via the NC reaction.
νa + d→ n+ p+ νa , (84)
with an energy threshold of 2.225 MeV. The non-sterile neutrinos can also interact via elastic scattering
(ES), νa + e− → νa + e−, but with smaller cross-section.
SNO can also perform measurements of the energy spectrum and time variation of the event rates.




in the avour composition of the solar neutrino beam, since the ratio CC/NC compares the number of
νe interactions with those from all active avours. This comparison is independent of the overall ux
normalization.
In June 2001, SNO published their rst results on the CC measurement and in April 2002 [50]
published their results from the rst phase of the experiment which include the daynight spectrum data
in the full energy range above a threshold Te > 5 MeV. In September 2003 they published their rst
result from the second phase of the experiment in which salt had been added to the detector to increase
the efciency in the neutron capture for the NC signal. At present, their most precise determination of





−0.08)× 106 cm−2s−1 ⇒
ΦCCSNO
ΦSSM
= 0.28 ± 0.02 ,
ΦESSNO = (2.21
+0.31
−0.26 ± 0.10) × 106 cm−2s−1 ⇒
ΦESSNO
ΦSSM
= 0.38 ± 0.05 ,
ΦNCSNO = (5.21 ± 0.27 ± 0.38) × 106 cm−2s−1 ⇒
ΦNCSNO
ΦSSM
= 0.9 ± 0.08 .
There are three features unique to the Cherenkov detectors Kamiokande, SuperKamiokande and
SNO. First, they are real-time experiments. Each event is individually recorded. Second, for each ES
event the scattered electron keeps the neutrino direction within an angular interval which depends on the
neutrino energy as
√
2me/Eν . Thus, it is possible, for example, to correlate the neutrino detection with
the position of the Sun. Third, the amount of Cherenkov light produced allows a measurement of the
energy. In summary, the experiments can provide information on the time, direction and energy for each
event. Signatures of neutrino oscillations might include distortion of the recoil electron energy spectrum,
difference between the night-time solar neutrino ux and the day-time ux, or a seasonal variation in the
neutrino ux. Observation of these effects would provide strong evidence in support of solar neutrino
oscillations independent of absolute ux calculations. Conversely, non-observation of these effects could
constrain oscillation solutions to the solar neutrino problem.
Over the years, the SK and SNO collaborations have provided us with information on the energy
and time dependence of their event rates. Quantitatively they have not observed any signicant energy
or time dependence of their event rates beyond that expected in the SSM.
3.2.2 The solar neutrino problem
From the experimental results we can conclude that
 before the NC measurement at SNO, all experiments observed a ux that was smaller than the
SSM predictions, Φobs/ΦSSM ∼ 0.3− 0.6;
 the decit is not the same for the various experiments, which may indicate that the effect is energy
dependent.
These two statements constituted the solar neutrino problem [51].
The results of SNO have provided further model-independent evidence of the problem. Both SNO
and SK are sensitive mainly to the 8B ux. Without new physics, the measured uxes in any reaction at
these two experiments should be equal. Conversely, in the presence of avour conversion
ΦCC = Φe ,
ΦES = Φe + rΦµτ , (85)
ΦNC = Φe + Φµτ ,
where r ≡ σµ/σe ' 0.15 is the ratio of the νe − e and νµ − e elastic scattering cross-sections. The ux




The rst reported SNO CC result compared with the ES rate from SK showed that the hypothesis
of no avour conversion was excluded at ∼ 3σ. With the NC measurement at SNO one nds that
ΦSNO,µτ ≡ ΦNCSNO − ΦCCSNO = (3.62 ± 0.28± 0.38) × 106 cm−2s−1 . (86)
This result provides evidence for neutrino avour transition (from νe to νµ,τ ) at the level of > 7σ. This
evidence is independent of the solar model.
3.2.3 Two-neutrino oscillation analysis
The most generic explanation of the solar neutrino anomaly is oscillations of νe into an active (νµ and/or
ντ ) or a sterile (νs) neutrino.









σe,i〈Pee(Eν , t)〉 + σx,i
[
1− 〈Pee(Eν , t〉
]]
, (87)
where Eν is the neutrino energy, φk is the total neutrino ux and λk is the neutrino energy spectrum
(normalized to 1) from the solar nuclear reaction k. σe,i (σx,i) is the νe (νx, x = µ, τ ) interaction cross-
section in the SM with the target corresponding to experiment i, and 〈Pee(Eν , t)〉 is the time-averaged
νe survival probability. The expected signal in the absence of oscillations, RSSMi , can be obtained from
Eq. (87) by substituting Pee = 1. For the chlorine, gallium and SNO(CC) measurements, only the
electron neutrino contributes and the σx,i-term in Eq. (87) vanishes. For ES at SK or SNO there is a
possible contribution from the NC interaction of the other active neutrino avours present in the beam.
For the NC rate at SNO, all active avours contribute equally. More details and references can be found
in Ref. [13].
The goal of the analysis of the solar neutrino data in terms of neutrino oscillations is to determine
which range of mass-squared difference and mixing angle can be responsible for the observed decit.
In order to answer this question in a statistically meaningful way one must compare the predictions in
the different oscillation regimes with the observations, including all the sources of uncertainties and
their correlations. The main sources of uncertainty are the theoretical errors in the prediction of the
solar neutrino uxes for the different reactions. These errors are due to uncertainties in the twelve basic
ingredients of the solar model, which include the nuclear reaction rates (parametrized in terms of the
astrophysical factors S11, S33, S34, S1,14 and S17), the solar luminosity, the metalicity Z/X , the sun
age, the opacity, the diffusion, and the electronic capture of 7Be, CBe. Another source of theoretical error
arises from the uncertainties in the neutrino interaction cross-section for the different detection processes.
For a detailed description of the way to include all these uncertainties and correlations, see Ref. [13] and
references therein.
The results of the analysis of the total event rates are shown in Fig. 9, where I plot the allowed re-
gions which correspond to 90%, 95%, 99% and 99.73% (3σ) CL for νe oscillations into active neutrinos.
As seen in the gure, for oscillations into active neutrinos there are several oscillation regimes which are
compatible within errors with the experimental data. These allowed parameter regions are denoted as
MSW small mixing angle (SMA), MSW large mixing angle (LMA), MSW low mass (LOW) and vacuum
oscillations (VAC). The best t corresponds to the LMA solution, for which oscillations for the 8B neu-
trinos occur in the adiabatic regime and the survival probability is higher for lower energy neutrinos. This
situation ts well the higher rate observed at gallium experiments. For the LOW solution, the situation
is opposite but matter effects in the Earth for pp and 7Be neutrinos enhance the average annual survival
probability for these lower energy neutrinos. The combination of these effects still allows a reasonable




Oscillations into pure sterile neutrinos are strongly disfavoured by the SNO data since if the beam
comprises only νe and νs, the three observed CC, ES and NC rates should be equal (up to effects due to
spectral distortions), a hypothesis which is now ruled out at more than 7σ by the SNO data.
Further information on the different oscillation regimes can be obtained from the analysis of the
energy- and time-dependence data from SK and SNO. For example, for LMA and LOW, the expected
energy spectrum is distorted very little. Also in the lower part of the LMA region and in the upper part
of the LOW region, matter effects in the Earth are important and some daynight variation is expected.
For SMA, a positive slope of the energy spectrum is predicted, with larger slope for larger mixing angle
within SMA. For VAC, large distortions of the energy spectrum are expected. The quantication of these
effects is dependent on the precise values of the oscillation parameters.
The observed daynight spectrum in SK and SNO is essentially undistorted in comparison with
the SSM expectation and shows no signicant differences between the day and the night periods. Conse-
quently, a large region of the oscillation parameter space where these variations are expected to be large
can be excluded.
 SMA: Within this region, the part with larger mixing angle fails to comply with the observed
energy spectrum, while the part with smaller mixing angles gives a bad t to the total rates.
 VAC: The observed undistorted energy spectrum cannot be accommodated.
 LMA and LOW: The small ∆m2 part of the LMA and LOW solutions is eliminated because it





Fig. 9: Allowed oscillation parameters (at 90%, 95%, 99% and 99.7% CL) from the analysis of the total event
rates of the chlorine, gallium, SK and SNO experiments
Thus with the inclusion of the time and energy dependence of the 8B neutrino uxes at SK and SNO,
it was possible to select LMA as the most favoured solution to the solar neutrino problem. I show in
Fig. 10 the allowed region of parameters which correspond to 90%, 95%, 99% and 99.73% (3σ) CL for




Fig. 10: Allowed oscillation parameters (at 90%, 95%, 99% and 99.7% CL) from the global analysis of the solar
neutrino data
3.2.4 Short baseline experiments at accelerators
Conventional neutrino beams from accelerators are mostly produced by pion decays, with the pions
produced by the scattering of the accelerated protons on a xed target:
p + target → pi± +X
pi± → µ± + νµ(ν¯µ)
µ± → e± + νe(ν¯e) + ν¯µ(νµ) .
(88)
Thus the beam can contain both muon and electron neutrinos and antineutrinos. The nal composition
and energy spectrum of the neutrino beam is determined by selecting the sign of the decaying pion and
by stopping the produced muon in the beam line.
Most oscillation experiments performed so far with neutrino beams from accelerators have char-
acteristic distances of the order of hundreds of metres. We call them short baseline (SBL) experiments.
With the exception of the LSND experiment, which we discuss below, all searches have been negative.
Because of the short path length, these experiments are not sensitive to the low values of ∆m2 which we
nd when trying to explain either the solar or the atmospheric neutrino data.
The only positive signature of oscillations at a laboratory experiment comes from the Liquid Scin-
tillator Neutrino Detector (LSND) [53] running at Los Alamos Meson Physics Facility. Its primary neu-
trino ux comes from pi+ produced in a 30-cm-long water target when hit by protons from the LAMPF
linac with 800 MeV kinetic energy. The detector is a tank lled with 167 t of dilute liquid scintillator,
located about 30 m from the neutrino source. The experiment observed an excess of events as compared
with the expected background, while the excess was consistent with ν¯µ → ν¯e oscillations. In the latest
results the total tted excess is of 87.9 ± 22.4 ± 6 events, corresponding to an oscillation probability of
(2.64±0.67±0.45)×10−3 . In the two-family formalism these results lead to the oscillation parameters
shown in Fig. 11. The shaded regions are the 90% and 99% likelihood regions from LSND. The best-t
point corresponds to ∆m2 = 1.2 eV2 and sin2 2θ = 0.003 and the most favoured allowed region is in
the band




Fig. 11: Left: Allowed regions (at 90% and 99% CL) for νe → νµ oscillations from the LSND experiment
compared with the exclusion regions (at 90% CL) from KARMEN2 and other experiments; the 90% CL expected
sensitivity curve for MiniBooNE is also shown. Right: Excluded regions (at 90% CL) for νe oscillations from
reactor experiments.
The region of parameter space which is favoured by the LSND observations has been partly tested
by other experiments like KARMEN [54]. The KARMEN experiment was performed at the neutron
spallation facility ISIS of the Rutherford Appleton Laboratory. They found a number of events in good
agreement with the total background expectation. The corresponding exclusion curve in the two-neutrino
parameter space is given in Fig. 11, together with the favoured region for the LSND experiment (from
Ref. [55]). At large ∆m2, KARMEN results exclude the region favoured by LSND. At low ∆m2,
KARMEN leaves some allowed space, but the reactor experiments at Bugey and CHOOZ add stringent
limits for the larger mixing angles. This gure represents the nal status of the LSND oscillation signal.
The MiniBooNE experiment [56], currently running at Fermilab, searches for νµ → νe oscillations
and is specially designed to make a conclusive statement about the LSND’s neutrino oscillation evidence.
The MiniBooNE Collaboration uses a νµ beam of energy 0.5  1.0 GeV initiated by a primary beam of
8 GeV protons from the Fermilab Booster, which contains only a small intrinsic νe component (less than
0.3%). It searches for an excess of electron-neutrino events in a detector located approximately 500 m
from the neutrino source. The L/E ratio is similar to that of LSND, giving MiniBooNE sensitivity to
the same mode of oscillations. However, neutrino energies are more than an order of magnitude higher
than at LSND, so that the search at MiniBooNE employs different experimental techniques. In Fig. 11
we show the 90% CL limits that MiniBooNE can achieve. Should a signal be found, the next step would
be the BooNE experiment.
3.2.5 Short-distance disappearance experiments at reactors
Neutrino oscillations are also searched for using neutrino beams from nuclear reactors. Nuclear reactors
produce ν¯e beams with Eν ∼ MeV. Because of the low energy, electrons are the only charged leptons
which can be produced in the neutrino CC interaction. If the ν¯e oscillated to another avour, its CC inter-
action could not be observed. Therefore, oscillation experiments performed at reactors are disappearance





In Fig. 11 we show the corresponding excluded regions in the parameter space for two neu-
trino oscillations from the negative results of the reactor experiments Gosgen [57], Bugey [58], Kras-
noyarsk [59], and CHOOZ [60]. Gosgen, Bugey and Krasnoyarsk have relatively short baselines. From
the gure we see that Bugey sets the strongest constraint on the allowed mixing in the ∆m2 range that is
interesting for the LSND signal. CHOOZ, which can be considered the rst long-baseline reactor exper-
iment (L ' 1 km), is sensitive to lower values of ∆m2. Its 90% CL limits include ∆m2 < 7×10−4 eV2
for maximal mixing, and sin2 2θ < 0.10 for large ∆m2. The CHOOZ results are signicant in exclud-
ing with high signicance the possibility that νµ → νe oscillations explain the atmospheric neutrino
decit. As we will see, the CHOOZ constraint is also relevant to the global interpretation of the solar
and atmospheric neutrino data in the framework of three-neutrino mixing.
3.2.6 Long-baseline experiments at reactors: KamLAND
Smaller values of ∆m2 can be accessed in reactor experiments using a long baseline (LBL). Pursuing
this idea, the KamLAND experiment [61], a 1000 t liquid scintillation detector, is currently in operation
in the Kamioka mine in Japan. This underground site is located 150210 km from several Japanese
nuclear power stations. The measurement of the ux and energy spectrum of the ν¯e emitted by these
reactors provides a test to the LMA solution of the solar neutrino anomaly.
The KamLAND [61] Collaboration has measured the ux of ν¯e from distant nuclear reactors. In
its rst result corresponding to an exposure of 162 t·yr (145.1 days), the ratio of the number of observed
inverse beta-decay events to the number of events expected without oscillations is RKamLAND = 0.611±
0.094 forEν¯e > 3.4 MeV. This decit is inconsistent with the expected rate for massless ν¯e at the 99.95%
condence level. In June 2004, KamLAND also presented the energy dependence of its events in the
form of the prompt energy (Eprompt ' Eν¯e +mp −mn) spectrum. In the left panel of Fig. 12 we show
their observed spectrum, which clearly shows that the decit is energy dependent.
The KamLAND results can be interpreted in terms of ν¯e oscillations with parameters shown in the




)× 10−5eV2 , tan2 θ = 0.36+0.10−0.08 . (90)
The most important aspect of Fig. 12 and Eq. (90) is the demonstration by KamLAND that antineutrinos
oscillate with parameters that are consistent with the LMA solution of the solar neutrino problem. Under
the assumption that CPT is satised, the antineutrino measurements by KamLAND apply directly to
the neutrino sector and the two sets of data can be combined to obtain the globally allowed oscillation
parameters. The results of such an analysis are shown in the right panel of Fig. 12.
3.2.7 Long-baseline experiments at accelerators: K2K
Smaller values of ∆m2 can also be accessed using accelerator beams at long-baseline experiments. In
these experiments the intense neutrino beam from an accelerator is aimed at a detector located under-
ground at a distance of several hundred kilometres. The main goal of these experiments is to test the
currently allowed solution for the atmospheric neutrino problem by searching for either νµ disappear-
ance or ντ appearance.
At present there are three such projects approved: K2K [62] which is running with a baseline
of about 235 km from KEK to SK, MINOS [63] under construction with a baseline of 730 km from
Fermilab to the Soudan mine where the detector will be placed, and the OPERA and ICARUS [64, 65]
detectors under construction with a baseline of 730 km from CERN to Gran Sasso.
The results from K2K, both in the observed decit of events and in their energy dependence, seem
to conrm that accelerator νµ oscillate over distances of several hundred kilometres as expected from
oscillations with the parameters inferred from the atmospheric neutrino data. In the left panel of Fig. 13,
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Fig. 12: Left: ν¯e energy spectrum measured in KamLAND. Central: Allowed oscillation parameters (at 90%,
95%, 99% and 99.7% CL) from the analysis of KamLAND data. Right: Corresponding allowed regions for the
combination of KamLAND and solar data
Fig. 13: Left: Energy spectrum of νµ observed in K2K, together with the expectations from oscillations for
different values of the parameters. Right: Allowed regions from the analysis of K2K data, together with the
corresponding ones from the analysis of atmospheric neutrinos
of oscillations as well as in the presence of oscillations for several values of the oscillation parameters.
As seen in the gure, the results conrm the presence of oscillations at the level of ∼ 3σ. However, the
statistics of the experiment are insufcient to provide a substantial improvement in the determination of
the mass and mixing parameters as I illustrate in the left panel of Fig. 13. As seen in the gure, the main
effect of the K2K data is to favour the upper part of the atmospheric mass-splitting, whereas it has no
impact in the determination of the mixing angle.
On a longer time scale, the results from MINOS will provide more accurate determination of these
parameters. OPERA and ICARUS are designed to observe the ντ appearance. MINOS, OPERA and
ICARUS have certain sensitivity to θ13, although by how much they will be ultimately able to improve





In the previous sections I have discussed the three pieces of evidence for neutrino masses and mixing
(solar and KamLAND neutrinos, atmospheric and K2K neutrinos, and the LSND results) as usually
formulated in the framework of two-neutrino oscillations. The three pieces of evidence correspond to
three values of mass-squared differences of different orders of magnitude [see Eqs. (78), (89) and (90)].
Consequently, there is no consistent explanation of all three signals based on oscillations among the three
known neutrinos. The argument for this statement is very simple. With three neutrinos, there are only





13 = 0 . (91)
This relation cannot be satised by three ∆m2ij in Eqs. (78), (89) and (90) as they are of different orders
of magnitude.
In the case of the solar and atmospheric neutrino indications, several experiments agree on the
existence of the effect, which has now been conrmed in the terrestrial LBL experiments KamLAND
and K2K. However, the third indication is, at present, found only by the LSND experiment. Therefore,
in many studies the LSND result is left out and the analysis of the solar, reactor, atmospheric and K2K
data is performed in the framework of mixing between the three known neutrinos.
Several attempts have been made in the literature to accommodate also LSND by either including
a fourth sterile neutrino or breaking some fundamental symmetry of the theory like CPT and making
neutrinos and antineutrinos have different masses. However, the present phenomenological situation
is that none of these explanations can successfully describe all the neutrino data. In summary, should
MiniBooNE conrm the LSND signal, we will face the challenging situation of not having a successful
low-energy phenomenological description of the leptonic mixing. In what follows I will assume that this
is not the case, and only the solar and atmospheric evidence stands the test of time.
The minimum joint description of solar and atmospheric evidence requires that all three known
neutrinos take part in the oscillations. In this case, the mixing parameters are encoded in the 3× 3 lepton
mixing matrix which can be conveniently parametrized in the standard form
U =
1 0 00 c23 s23
0 −s23 c23
×
 c13 0 s13eiδ0 1 0
−s13e−iδ 0 c13
×
 c21 s12 0−s12 c12 0
0 0 1
 (92)
where cij ≡ cos θij and sij ≡ sin θij . Note that, since the two Majorana phases do not affect neutrino
oscillations, they are not included in the expression above. The angles θij can be taken to lie in the rst
quadrant, θij ∈ [0, pi/2].
There are two possible mass orderings which we denote as normal and inverted which, without
any loss of generality, can be chosen to be as shown in Fig. 14. The two orderings are often referred to
in terms of the sgn(∆m231).
In total the three-neutrino oscillation analysis involves six parameters: two mass differences, three
mixing angles, and the CP phase. Generic three-neutrino oscillation effects are
 coupled oscillations with two different oscillation lengths,
 CP-violating effects,
 difference between normal and inverted schemes.
The strength of these effects is controlled by the values of the ratio of mass differences, the mixing angle
θ13 and the CP phase δ.
As we have seen in the previous sections, the parameter space of solutions for solar and atmo-
spheric oscillations in Eqs. (78) and (90) satises
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Fig. 14: Mass schemes for three-neutrino oscillations
As we will see next, this hierarchy in the mass differences leads to important simplications.
3.3.1 Probabilities
The determination of the oscillation probabilities for both solar and atmospheric neutrinos requires that
one solves the evolution equation of the neutrino system in the matter background of the Sun or the Earth.




= H ~ν, H = U ·Hd0 · U † + V , (94)





(−∆m221, 0,∆m232) , (95)







≡ diag (Ve, 0, 0) . (96)
In Eq. (96), the signs + and − refer to neutrinos and antineutrinos, respectively, and Ne is electron
number density in the Sun or the Earth.
In what follows we focus on the normal scheme for which the ve relevant parameters are related








θ = θ12, θatm = θ23, θreactor = θ13 . (98)
For transitions in vacuum, the results apply also to the inverted scheme. In the presence of matter effects,
the normal and inverted schemes are no longer equivalent, although the difference is hardly recognizable
in the current data. Under this approximation, the results obtained for the normal scheme can be applied
to the inverted scheme by replacing ∆m232 → −∆m232.
In general the transition probabilities present an oscillatory behaviour with two oscillation lengths.
However, the hierarchy in the splittings, Eq. (93), leads to important simplications.
Let us rst consider the analysis of solar and KamLAND neutrinos. A rst simplication occurs
because Losc32 = 4piE/∆m232 is much shorter than the distance between the Sun and the Earth for solar
neutrinos or between the reactors and the detectors in KamLAND. Consequently, the oscillations related
to Losc32 are averaged and the vacuum survival probability takes the following form:
P 3νee = sin









For solar neutrinos one must also take into account the three-neutrino mixing effects in the evolution in




2 2θ13. Consequently, matter effects on the evolution of ν3 can be neglected.
The net result is that for solar neutrinos the survival probability can also be written as Eq. (99) with P 2νee
obtained taking into account evolution in the effective density:
Ne ⇒ Ne cos2 θ13 . (100)
We conclude that the analysis of the solar and KamLAND data constrains three of the ve independent
oscillation parameters: ∆m221, θ12 and θ13.
Equation (99) reveals what is the dominant effect of a non-vanishing θ13 in the solar and Kam-
LAND neutrino survival probability: the energy-dependent part of the probability, P 2νee , gets damped by
the factor cos4 θ13, and an energy-independent term, sin4 θ13, is added.
Let us now consider the analysis of atmospheric and K2K neutrinos. Here Losc21 = 4piE/∆m221
is much larger than the relevant distance scales. Consequently, the corresponding oscillating phase is
negligible. In this approximation one can rotate away the corresponding angle θ12. Thus the resulting
survival probabilities do not depend on ∆m221 and θ12. For instance, for constant Earth matter density
the various Pαβ can be written as follows:
Pee = 1− 4s213,mc213,m S31 , (101)
Pµµ = 1− 4s213,mc213,ms423 S31 − 4s213,ms223c223 S21 − 4c213,ms223c223 S32 , (102)














23 S31 , (105)
Pµτ = −4s213,mc213,ms223c223 S31 + 4s213,ms223c223 S21 + 4c213,ms223c223 S32 . (106)
Here θ13,m is the effective mixing angle in matter:
sin 2θ13,m =
sin 2θ13√
(cos 2θ13 − 2EνVe/∆m232)2 + (sin 2θ13)2
(107)


































and L is the path length of the neutrino within the Earth, which depends on its direction. The presence
of the matter potential makes the probabilities different for inverted and normal orderings.
For the case of K2K neutrinos, matter effects can be neglected and the relevant survival probability
takes the form































32, θ32) + O(s413) . (110)
We conclude that the analysis of the atmospheric and K2K data constrains three of the ve independent
oscillation parameters (∆m232, θ23 and θ13), and for atmospheric neutrinos sgn(∆m231) is also relevant.
So we nd that in the approximation of Eq. (93) the mixing angle θ13 is the only parameter com-
mon to both solar+KamLAND and atmospheric+K2K neutrino oscillations and which may potentially
allow for some mutual inuence. The main effect of the three-neutrino mixing is that now atmospheric
neutrinos can oscillate simultaneously in both the νµ → ντ and νµ → νe (and, similarly, νe → ντ and
νe → νµ) channels. The oscillation amplitudes for channels involving νe are controlled by the size of
sin2 θ13 = |Ue3|2.
The angle θ13 is constrained by the CHOOZ reactor experiment. To analyse the CHOOZ con-
straints we need to evaluate the survival probability for ν¯e of average energy E ∼ few MeV at a distance
of L ∼ 1 km. For these values of energy and distance, one can safely neglect Earth matter effects. The
survival probability takes the analytical form


























where the second equality holds under the approximation ∆m221  Eν/L, which can be safely made
for ∆m221 ≤ 3 × 10−4eV2. Thus effectively the analysis of the CHOOZ reactor data involves two
parameters: oscillation parameters ∆m232 and θ13.
3.3.2 Results
From the above discussion we conclude that under the approximation of Eq. (93) the global analysis
of the existing solar, reactor, atmospheric and LBL experiments involves only ve parameters: the two
mass splittings and the three mixing angles. CP is unobservable in this approximation. There is, in
principle, some dependence on the normal versus inverted orderings due to matter effects in the Earth for
atmospheric neutrinos, controlled by the mixing angle θ13.
We have also shown that in the approximation of Eq. (93), solar+KamLAND and atmospheric+K2K
neutrino oscillations decouple in the limit |Ue3| = sin θ13 = 0. In this limit the allowed values of the
parameters can be obtained directly from the results of the analyses in terms of two-neutrino oscillations
presented above.
When the effect of θ13 is included one nds that, at present, all data independently favours θ13 = 0:
the solar and KamLAND data exhibit energy dependence, the atmospheric data give no evidence for νe
oscillation, and, most important, the CHOOZ reactor data exclude ν¯e disappearance at the atmospheric
wavelength. The combined analysis results in a strong limit on sin2 θ13, for which it is also veried
that the difference between normal and inverted orderings in atmospheric neutrino data is below present
experimental sensitivity.
As an illustration, we plot in Fig. 15 the correlated bounds from the global analysis for each pair
of parameters. The regions in each panel are obtained after marginalization of χ2global with respect to the
three undisplayed parameters. The different contours correspond to regions dened at 90%, 95%, 99%
and 3σ CL for two degrees of freedom (∆χ2 = 4.61, 5.99, 9.21, 11.83), respectively. From the gure
we see that the stronger correlation appears between θ13 and ∆m232 as a reection of the CHOOZ bound.




Fig. 15: Global three-neutrino oscillation analysis. Each panel shows a two-dimensional projection of the allowed
five-dimensional region after marginalization with respect to the three undisplayed parameters. The different
contours correspond to the two-dimensional allowed regions at 90%, 95%, 99% and 3σ CL.










≤ 3.5 , 0.5 ≤ tan2 θ23 ≤ 2.1 , (112)
sin2 θ13 ≤ 0.041 .
These results can be translated into our present knowledge of the moduli of the mixing matrix U (at 3σ):
|U | =
0.79− 0.88 0.47 − 0.61 < 0.200.19− 0.52 0.42 − 0.73 0.58 − 0.82
0.20− 0.53 0.44 − 0.74 0.56 − 0.81
 . (113)
The most striking feature of Eq. (113) is that it presents a non-hierarchical structure. Schematically we
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Table 2: Present determination of neutrino parameters and approved experiments which are designed to improve
this determination
3-ν parameter Present knowledge (∼ 3σ C. L.) Experiment
θ23 0.50 ≤ tan2 θ23 ≤ 2.1 P (νµ → νµ) MINOS, CNGS
θ12 0.28 ≤ tan2 θ12 ≤ 0.60 SNO NC, KamLAND
θ13 sin
2 θ13 ≤ 0.04 Proposed oscillation experiments
|∆m231| 1.6 ≤ |∆m231|/10−3eV2 ≤ 3.5 P (νµ → νµ) MINOS, CNGS
sgn(∆m231) unknown Proposed oscillation experiments
|∆m221| 7.3 ≤ ∆m221/10−5eV2 ≤ 9.3 P (ν¯e → ν¯e) KamLAND
δ unknown Proposed oscillation experiments
Majorana/Dirac unknown Proposed 0νββ experiments
mν
∑
mν < O(1) eV KATRIN (β-decay), proposed 0νββ
cosmo experiments
with λ ∼ 0.2 and  < 0.20. This mixing structure is very different from the hierarchical one which we
nd in the quark,
|UCKM| '
 1 O(λ) O(λ3)O(λ) 1 O(λ2)
O(λ3) O(λ2) 1
 ,
which is characterized by mixing angles which are smaller for further-apart generations.
At present, a good fraction of the effort on the theoretical front in neutrino physics is devoted to
nding theoretically viable models for explaining these mixings.
4 Some missing pieces and the meaning of all this
4.1 Future facilities
At the end of the currently approved neutrino experiments, many questions will still remain open. In
Table 2, I summarize where we are at present and what approved experiments or types of proposed
experiment will clearly improve our knowledge of the neutrino parameters.
As seen in the table, even in the scenario in which MiniBooNE does not conrm the LSND signal
and we can live with oscillations among the three known neutrinos, at the end of the currently approved
experimental program we will still be ignorant about (i) the value of θ13, (ii) the sgn(∆m213), and (iii) the
possibility of CP violation in the lepton sector.
In order to determine the generic requirements of an experiment to be able to measure these param-
eters, let us look at the relevant oscillation probabilities for neutrinos propagating in the constant Earth
matter potential, VE ∼ 10−13 eV, and expand them in the known-to-be-small parameters ∆m221/∆m231
and θ13:

















































+ . . . , (114)





+ O(∆12, s213) , (115)



















B± = ∆31 ± VE , (118)
J˜ = c13 sin
2 2θ13 sin
2 2θ23 sin
2 2θ12 . (119)
In the above expressions the upper and lower signs apply to oscillations of neutrinos and antineutrinos,
respectively.
From these expressions we see that to measure the missing parameters, the following is required
of future experiments.
(i) To discriminate normal/inverted: Matter effects must be relevant so that one can observe the dom-
inant interference between the ∆m231 and VE terms in B±. This requires a very long baseline.
(ii) To measure θ13: These effects are small because of the smallness of this mixing angle, so one
needs a very intense beam and low background.
(iii) To detect CP violation: One must have intense beams with exchangeable initial state to compare
the oscillations of neutrinos and antineutrinos. Also, for this difference to be observable θ13 should
not be too small.
New facilities and experiments are being proposed which can realize some (or all) of these conditions.
In particular, for future neutrino oscillation experiments four types of facility are being proposed.
a) Conventional neutrino superbeams [66] (‘conventional’ meaning from the decay of pions gener-
ated from a proton beam dump) with a detector either on or off axis. In these facilities the main
beam consists of νµ and the experiments will search for both νµ disappearance and νe appearance.
b) Neutrino Factories. These are neutrino beams from muon decay in muon storage rings [67]. This
provides a very clean νµ and ν¯e beam (or vice versa) with well-known energy spectrum. The
dominant search is the appearance of ‘wrong sign’ muons from the oscillation of the ν¯e, although
all other oscillation channels can also be observed.
c) Very intense medium baseline ν¯e reactor disappearance experiment [68] with two detectors to
minimize the systematic uncertainties and allow a precise determination of θ13.
d) Beta beam. This is a beam of pure νe or ν¯e from heavy-ion decay [69] with which both νe disap-
pearance and νµ appearance are searched for.
In general, the independent determination of these missing pieces of the puzzle at these facilities becomes
challenging because in the relevant oscillation probabilities there appear three independent two-fold pa-
rameter degeneracies [70].
 (θ23, pi/2−θ23): The dominant piece of the disappearance probability Eq. (115) is invariant under
θ23 → pi/2− θ23.
 (δCP , θ13): The appearance probability Eq. (114) takes the same values for different sets of param-
eters (δCP , θ13).
 The third degeneracy is given by the fact that in Eq. (114) a change in sign of sgn(∆m231) can be
compensated for by an offset in δ.
As a consequence, if one only measures the total number of events in the different channels at a given
facility one can nd different sets of parameters which are able to t the data. The phenomenological
efforts on this front concentrate on the study of how the combination of data from experiments performed
at different baselines and/or with different beam types, as well as the use of subdominant oscillation





4.2 Lesson 1: The need of new physics
As we discussed in the rst lecture, the SM is based on the gauge symmetry SU(3)C × SU(2)L ×
U(1)Y spontaneously broken to SU(3)C×U(1)EM by the the vacuum expectation value, v, of the Higgs
doublet eld φ. The SM contains three fermion generations which reside in chiral representations of
the gauge group. Right-handed elds are included for charged fermions as they are needed to build the
electromagnetic and strong currents. No right-handed neutrino is included in the model since neutrinos
are neutral.
In the SM, fermion masses arise from the Yukawa interactions, Eq. (8), which after spontaneous







but leave the neutrinos massless. No Yukawa interaction can be written that would give mass to the
neutrino because no right-handed neutrino eld exists in the model.
One could think that neutrino masses would arise from loop corrections or from non-perturbative
effects. This, however, cannot happen and this can be understood by examining the accidental symme-
tries of the SM. An accidental symmetry is a symmetry that it is not imposed but it is a consequence of
the gauge symmetry and the particular representations of the elds in the theory).
The SM, with the gauge symmetry of Eq. (1) and the particle content of Eq. (2), presents an
accidental global symmetry:
GglobalSM = U(1)B × U(1)e × U(1)µ × U(1)τ . (121)
Here U(1)B is the baryon number symmetry, and U(1)e,µ,τ are the three lepton avour symmetries, with
total lepton number given by L = Le + Lµ +Lτ . With the SM particle content the only mass term (that
is, the only operator involving a left-handed and a right-handed fermion eld) for the neutrino which






(LCLi = CL¯TLi), which violates GglobalSM (in particular it violates total lepton number). Therefore it cannot
be generated by SM loop corrections. Also, it cannot be generated by non-perturbative effects.
In other words, the SM predicts that neutrinos are precisely massless and consequently, there is
neither mixing nor CP violation in the leptonic sector. Thus the simplest and most straightforward lesson
of the experimental evidence for neutrino masses is also the most striking one: there is new physics
beyond the SM. This has been the rst experimental result that is inconsistent with the SM.
4.2.1 The scale of new physics
There are many good reasons to think that the SM is not a complete picture of Nature and some new
physics (NP) is expected to appear at higher energies. In this case the SM is an effective low-energy the-
ory valid up to the scale ΛNP which characterizes the NP. In this approach, the gauge group, the fermionic
spectrum, and the pattern of spontaneous symmetry breaking are still valid ingredients to describe Na-
ture at energies E  ΛNP. The difference between the SM as a complete description of Nature and as a
low-energy effective theory is that in the latter case we must also consider non-renormalizable (dim > 4)
terms whose effect will be suppressed by powers 1/Λdim−4NP . In this approach the largest effects at low
energy are expected to come from dim = 5 operators.
There is a single set of dimension-ve terms that is made of SM elds and is consistent with the



















νciνj + h.c. . (124)







Equation (125) arises in a generic extension of the SM, which means that neutrino masses are
very likely to appear if there is NP. Furthermore, comparing Eqs. (125) and (120) we nd that the scale
of neutrino masses is suppressed by v/ΛNP when compared to the scale of charged fermion masses,
providing an explanation not only for the existence of neutrino masses but also for their smallness.
Finally, Eq. (125) breaks not only total lepton number but also the lepton avour symmetry U(1)e ×
U(1)µ × U(1)τ . Therefore we should expect lepton mixing and CP violation.
Given the relation (125), mν ∼ v2/ΛNP, it is straightforward to use measured neutrino masses to
estimate the scale of NP that is relevant to their generation. In particular, if there is no quasi-degeneracy
in the neutrino masses, the heaviest of the active neutrino masses can be estimated,
mh ∼
√
|∆m231| ≈ 0.05 eV . (126)
It follows that the scale in the non-renormalizable term (123) is given by
ΛNP ∼ v2/mh ≈ 1015 GeV . (127)
Note that it could be that the Zij couplings of Eq. (123) are much smaller than one. In such a case, again,
Eq. (127) becomes an upper bound on the scale of NP. Quite generically Z33 ≥ m2τ/v2 ∼ 10−4, thus the
most likely range of ΛNP that is implied by the atmospheric neutrino results is given by
1011 GeV ≤ ΛNP ≤ 1015 GeV . (128)
The estimates (127) and (128) are very exciting. First, the upper bound on the scale of NP is well
below the Planck scale. This means that there is a new scale in Nature which is intermediate between the
two known scales: the Planck scale mPl ∼ 1019 GeV and the electroweak breaking scale v ∼ 102 GeV.
Second, the scale ΛNP ∼ 1015 GeV is intriguingly close to the scale of gauge coupling unication.
Of course, neutrinos could be conventional Dirac particles. In the minimal realization of this
possibility, one must still extend the SM to add right-handed neutrinos and impose the conservation
of total lepton number (since in the presence of right-handed neutrinos total lepton number is not an
accidental symmetry) to prevent the right-handed neutrinos from acquiring a singlet Majorana mass
term. In this scenario, neutrinos could acquire a mass like any other fermion of the SM and no NP scale
would be implied. We would be left in the dark regarding the reason for the smallness of the neutrino
mass and the reason for the conservation of the total lepton number.
4.2.2 The see-saw mechanism
The best known scenario that leads to Eq. (123) is the see-saw mechanism [14]. Here one assumes the

















has the following form:
Mν =
(







If the eigenvalues of MN are all well above the electroweak breaking scale v, then the diagonalization
of Mν leads to three light mass eigenstates and an effective low-energy interaction of the form (123).
In particular, the scale ΛNP is identied with the mass scale of the heavy sterile neutrinos, that is the
typical scale of the eigenvalues of MN . Two well-known examples of extensions of the SM that lead to
a see-saw mechanism for neutrino masses are SO(10) GUTs and leftright symmetry.
4.3 Lesson 2: The possibility of leptogenesis
An interesting consequence of neutrinos acquiring their mass via the see-saw mechanism is the possi-
bility of explaining the cosmic matterantimatter asymmetry via the process of leptogenesis [71] in the
early Universe.
From what we see and measure, the Universe is made of particles and not of antiparticles. This fact
can be quantied in terms of the difference between the density of baryons and antibaryons normalized







From the Big Bang nucleosynthesis and from the precise data on measurements of the cosmic microwave
background, we know that this asymmetry is tiny:
YB ≈ 5× 10−10 . (132)
In a seminal paper, Sakharov [72] established the three conditions that any particle physics theory should
verify to be able to generate this asymmetry:
 total baryon number B must be violated,
 C and CP must be violated,
 the process which violates these symmetries must occur out of thermal equilibrium.
In principle the SM veries these conditions because B +L are violated by non-perturbative effects, CP
is violated by the CP phase of the CKM quark mixing matrix, and there is departure from thermal equilib-
rium at the electroweak phase transition provided it is a rst-order transition. However, within the present
bounds of the Higgs mass the electroweak phase transition is not strong rst order and furthermore the
CKM CP violation is too suppressed. As a consequence, YB,SM  10−10.
Leptogenesis [71] is the possible origin of such a small asymmetry related to neutrino physics.
In a possible realization of leptogenesis, L 6= 0 is generated in the early Universe by the decay of
one of the heavy right-handed neutrinos of the see-saw mechanism with CP being violated in the decay.
In this case we have:
 total lepton number is violated by the Majorana mass term of the right-handed neutrinos;
 because of the interference between the tree-level and one-loop diagrams shown in Fig. 16, the
decay rates of the right-handed neutrino into leptons and antileptons can be different, so C and CP
can be violated;





















Fig. 16: The tree-level and one-loop diagrams of right-handed neutrino decay into leptons and Higgs
Therefore we have all the conditions to generate total lepton number L in the early Universe.
Non-perturbative effects known as sphaleron [73] processes transform the lepton asymmetry into
a baryon asymmetry and below the electroweak phase transition a net baryon asymmetry is generated
∆B ' −∆L2 (the exact coefcient relating ∆B to ∆L is model dependent.)
The details of the leptogenesis scenario are model dependent and much work has been done in the
framework of specic neutrino models. Generically the resulting asymmetry depends on the size of the
CP-violating phases, the mass of the lightest heavy neutrino and the light neutrino masses. It has been
shown that with the present bounds of the neutrino masses and mixing a right-handed neutrino of about
1010 GeV can account for the cosmic baryon asymmetry from its out-of-equilibrium decay.
4.4 Lesson 3: Learning how the Sun shines
In 1939, Hans Bethe described [74] two nuclear fusion mechanisms by which main sequence stars like
the Sun could produce the energy corresponding to their observed luminosities. The two mechanisms
have become known as the pp chain and the CNO cycle which we described in the third lecture. In the
pp chain, fusion reactions among elements lighter than A = 8 produce a characteristic set of neutrino
uxes. In the CNO chain, with 12C as a catalyst, 13N and 15O beta decays are the primary source of
neutrinos.
The rst sentence in Bethe’s paper reads It is shown that the most important source of energy
in ordinary stars is the reactions of carbon and nitrogen with protons. Bethe’s conclusion about the
dominant role of the CNO cycle relied upon a crude model of the Sun. Over the next two and a half
decades, the results of increasingly more accurate laboratory measurements of nuclear fusion reactions
and more detailed solar model calculations led to the theoretical inference that the Sun shines primarily
by the pp chain rather than the CNO cycle. Currently, solar model calculations imply that 98.5% of the
solar luminosity is provided by the pp chain and only 1.5% is provided by CNO reactions.
From the earliest days of solar neutrino research, a primary goal of the eld was to test the solar
model prediction that the Sun shines by the pp chain and not by the CNO cycle. Unfortunately, the
standard solar model prediction for the CNO uxes is difcult to test. Radiochemical experiments with
chlorine and gallium do not measure the energy of the neutrinos detected; they measure the rate of
neutrino-induced events above a xed energy threshold. The real-time experiments, Kamiokande, Super-
Kamiokande and SNO, provide information about neutrinos, but only those that have energies well above
the maximum energies of the CNO cycle [see (Fig. 8)]. Furthermore the goal of uniquely identifying
CNO neutrinos is made even more difcult by the fact that neutrino oscillations can change in an energy-
dependent way the probability that electron neutrinos created in the Sun reach the Earth as electron
neutrinos. The presence of avour conversion of solar νe, although great news from the point of view
of particle physics, jeopardized the original goal of solar neutrino experiments of studying the Sun.




neutrino properties. As a consequence, using solar neutrino data it is difcult to extract solar-model
independent information on the neutrino properties, as well as to directly test the model of the Sun.
Because of these complications, even until recently it was possible to nd neutrino oscillation
solutions in which 99.95% of the Sun’s luminosity is supplied by the CNO cycle [75]. In order for
these to be possible, neutrinos had to undergo non-adiabatic SMA matter transitions which suppressed
the survival probability of νe for the CNO cycle energies. As said above, modern solar models do not
predict a large CNO contribution to the solar luminosity; but the goal was to test experimentallynot just
assumethis prediction, a goal that was not achieved.
This situation changed recently for several reasons. First, as described in the third lecture, the
most precise measurements of the energy spectrum of the high-energy neutrinos in SuperKamiokande
and SNO disfavoured SMA matter transitions. Second, the observation of oscillations in KamLAND
allows us to disentangle solar and particle physics effects in solar neutrinos.
KamLAND has provided us with the rst solar-independent determination of the relevant neutrino
properties, its oscillation parameters. With these results at hand, one can determine the avour conversion
probability of solar neutrinos independently of the solar model (using exclusively the Sun’s matter den-
sity prole). Thus one can now use data from the chlorine, SAGE, GALLEX, GNO, SuperKamiokande,
and SNO solar neutrino experiments, and from the recent KamLAND reactor measurements, to set an
experimental limit on the CNO contribution to the solar luminosity [76]. Although individual experi-
ments still do not constrain well the CNO uxes, a global solution to all the available neutrino data can
now provide a powerful upper limit.
Technically this is achieved by making a global analysis of solar and KamLAND data in the frame-
work of oscillations, but allowing the normalization of the different components of the solar neutrino ux
to be free. The only restriction on the solar neutrino uxes is the ‘luminosity constraint’, which requires
that the sum of the thermal energy generation rates associated with each of the solar neutrino uxes be
equal to the solar luminosity.











where the constant αi is the energy provided to the star by nuclear fusion reactions associated with the ith
neutrino ux, ai is the ratio of the neutrino ux Φi(SSM) of the standard solar model to the characteristic
solar photon ux dened by L/[4pi(A.U.)2(10 MeV)], and φi is the ratio of the true solar neutrino
ux to the neutrino uxes predicted by the standard solar model. (Reference [77] presents a detailed
derivation of Eq. (133) and the numerical values for the coefcients αi and ai.)
The nal result is shown in Fig. 17. From the gure we read that using both solar neutrino and
KamLAND experimental data, it can be concluded that
LCNO
L
< 7.3% at 3σ . (134)
The minimum value of χ2, relative to which ∆χ2 is measured, is reached in both cases for a zero value
of the CNO ux. However, as is apparent from Fig. 17, the global χ2 is essentially at for all values of
LCNO/L < 5%, that is, current experiments are not sensitive to CNO neutrino uxes that correspond
to less than 5% of the solar luminosity.
In order to measure the CNO contribution at the 1.5% level predicted by the standard solar model,
one must be able to distinguish the continuum 13N and 15O neutrinos from the 7Be and pep neutrino











Fig. 17: Experimental bound on the CNO cycle contribution to the solar luminosity. ∆χ2 as a function of the
CNO luminosity fraction when only solar neutrino data are used (denoted by dotted curves) and when solar and
KamLAND data are used (denoted by solid curves).
4.5 Lesson 4: Some interesting constraints on fundamental symmetries
Using the good description of neutrino data in terms of neutrino oscillations induced by the neutrino
masses, it is also possible to constrain other exotic forms of NP. These include the violation of Lorentz
invariance (VLI) [78] induced by different asymptotic values of the velocity of the neutrinos, c1 6= c2,
and the violation of the equivalence principle (VEP) [79] due to non-universal coupling of the neutrinos,
γ1 6= γ2, to the local gravitational potential, φ, among others.
These forms of NP, if non-universal, can also induce neutrino avour oscillations whose main
differentiating characteristic is a different energy dependence (different from mass-induced oscillations)







where ∆c = c2 = c1 and ∆γ = γ2 − γ1. So for these two forms of NP the oscillation wavelength
decreases with energy, unlike for mass oscillations [see (Eq. (33)].
At present, the most sensitive probe to these effects in neutrino oscillations is provided by atmo-
spheric neutrino data. Atmospheric neutrino events extend over several decades in energy and they have
tested the hypothesis of oscillations for these different energies. As a consequence they can test the
presence of these NP effects even at the subdominant level. In Ref. [43] we performed an analysis of
atmospheric and LBL neutrino data in terms of neutrino mass oscillations plus these NP effects and we
concluded that the determination of mass and mixing parameters is robust under the presence of these
unknown forms of NP. Conversely, the analysis allows us to impose strong constraints on the violations
of these symmetries. For instance we nd that at 90% CL the possible VLI and VEP are limited to
|∆c|
c
≤ 8.1× 10−25 , |φ∆γ| ≤ 4.0× 10−25 , (136)





Neutrino oscillation searches have shown us that neutrinos oscillate and that there are at least two in-
dependent oscillation wavelengths characterized by two mass splittings: ∆m221 ∼ 8 × 10−5 eV2 and
∆m231 ∼ 2.3 × 10−3 eV2. This implies that there must be at least two massive neutrinos. From os-
cillation experiments we have also learned that two of the mixing angles in the leptonic charge current
are large, one very close to maximal. The third angle is constrained to be smaller than any of these two
mixing angles and currently its favoured value is much smaller. Altogether this implies a leptonic avour
structure very different from the one observed in the quark sector.
In the SM neutrinos are strictly massless, therefore to accommodate those observations one needs
to extend the SM to introduce neutrino masses. Neutrino masses can be introduced in the model at
the expense of adding new sterile states and/or breaking total lepton number. Depending on the way
the mass term is introduced, neutrinos may be Dirac particles, like any other fermions of the SM for
which neutrinos and antineutrinos are different states, or they may be Majorana particles, being their
own antiparticles.
Majorana neutrinos seem more natural. They appear generically if the SM is a low-energy effec-
tive theory. In this case one may gain an understanding of why neutrino masses are smaller than other
fermion masses because neutrino masses are suppressed by the NP energy scale above which the SM is
no longer valid. For the observed values of the neutrino masses, the NP scale comes out to be of the
order of ΛNP ∼ 1010 1015 GeV, which is close to the Grand Unication Scale. A possible realization
of this scenario is the see-saw mechanism in which very heavy right-handed neutrinos are introduced.
A particularly interesting feature of this mechanism is that the decay of such heavy neutrinos in the
early Universe implies that a net lepton number can be produced. This allows for leptogenesis as an
explanation of the baryon asymmetry of the Universe.
At the end of the currently approved experiments, a number of questions concerning neutrino
masses and mixing will still remain open: the exact value of θ13, the existence of CP violation in the
leptonic sector, the ordering of the neutrino states and the absolute neutrino mass scale, among others.
New facilities and detectors are being proposed to answer these questions, using both oscillation and non-
oscillation experiments. In particular, we are starting to get interesting input on some of these questions
from cosmological data. With these lectures I have tried to give a avour of the enormous progress that
has been made in the front of neutrino physics in recent years. And I would like to conclude by making
a promise: we are guaranteed to learn much more in the near future.
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